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Electrical Principles and Practices, 2nd Edition, is an introduction to electrical and electronic principles, prac- 
tices, and their uses in residential, commercial, and industrial applications. The text has been revised to include a 
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las provide sample problems and interactive calculation of Ohm's Law, the power formula, series circuits, parallel 
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Electricity 


In 600 BC, the Greeks discovered a substance, amber 
(fossilized sap), that when rubbed against wool, caused 
other substances to be attracted to it. The word elec- 
tricity is derived from the Greek word for amber. To- 
day, this attraction is referred to as static electricity. 
One of the two basic forms of electricity, static elec- 
tricity is an electrical charge at rest. The electrical 
shock a human encounters by touching an object is an 
example of the transfer of a static charge by contact. 
Lightning is an example of the transfer of a static 
charge by a spark. Static electricity has some limited 
practical uses, such as in electrostatic air filters and 
electrostatic spray-painting. See Figure 1-1. 

The other form of electricity is electricity that is 
generated. Produced electricity is the electricity pro- 
duced either by magnetism (generator), chemicals 
(battery), light (photocell), heat (thermocouple), or 
pressure (crystals). Produced electricity is used in 
circuits that are specifically designed to carry elec- 
trical charges through a controlled path to operate 
specific loads. 

Of the basic forms of energy (electrical, chemical, 
nuclear, light, heat, and mechanical), electricity is the 
most widely used form of energy. Electricity is used 
to provide energy for traditional electrical applications 
such as lighting, heating, cooling, cooking, communi- 
cation, and transportation. In addition to improvements 
and increases in traditional applications, new uses of 
electricity are increasing on a daily basis in the medi- 
cal, aviation, aerospace, military, computing, network- 
ing, business, marketing, and automotive industries. 
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САГ PRINCIPLES 


Electricity is the movement of electrons from atom 
to atom. An understanding of the electrical properties 
of matter is required because the movement of elec- 
trons from atom to atom produces electrical energy. This 
energy is used to produce work. 


Matter 


Matter is anything that has mass and occupies space. АП 
objects consist of matter. Matter can exist in the state of 
a solid, liquid, or gas. See Figure 1-2. A solid is a state of 
matter that has a definite volume and shape. A liquid is a 
state of matter that has a definite volume but not a defi- 
nite shape. A gas is a state of matter that is fluid, has a 
relatively low density, and is highly compressible. 
Metal, wood, and plastic are examples of matter in a 
solid state. Water and gasoline are examples of matter in 
a liquid state. Hydrogen and carbon dioxide are examples 
of matter in a gas state. Some matter, such as water, can 
exist in a solid, liquid, or gas state. The state that water 
exists in is changed by the addition or removal of heat. 
АП matter has electrical properties. The electrical be- 
havior of matter varies according to the physical makeup 
of the matter. Some types of matter, such as copper, allow 
electricity to easily move through them and can act as con- 
ductors. A conductor is material that has very little resis- 
tance and permits electrons to move through it easily. 
Other types of matter, such as rubber, do not allow 
electricity to easily move through them and can act as in- 
sulators. Ап insulator is any material that has a very high 
resistance and resists the flow of electrons. The proper- 
ties of different matter must be understood when design- 
ing electrical components and circuits, working around 
electrical equipment, and troublehooting electrical circuits. 
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Atoms 


An atom is the smallest particle that an element can be 
reduced to and still maintain the properties of that ele- 
ment. The three principle parts of an atom are the elec- 
tron, neutron, and proton. 

An electron is a negatively charged particle in an 
atom. А neutron is a neutral particle, with a mass ap- 
proximately the same as a proton, that exists in the 
nucleus of the atom. A proton is a positively charged 
particle that also exists in the nucleus of the atom. 
Every atom has a definite number of protons, neutrons, 
and electrons. See Figure 1-3. The number of protons 
in an atom determines the atom's weight (mass) and its 
atomic number. For example, a hydrogen (H) atom has 
the fewest protons of all atoms, has the least amount of 
mass, and is assigned the atomic number of one. 
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In the 18th century, Benjamin Franklin used the 
terms positive (+) and negative (—) to describe an elec- 
trical charge. A positive charge is produced when there 
are fewer electrons than normal. A negative charge is 
produced when there are more electrons than normal. 
A proton of an atom has a positive (+) charge, the elec- 


: THIRD SHELL; 
tron has a negative (—) charge, and the neutron has no UP TO 18 
charge. The neutron and proton combine to form the ELECTRONS FOURTH SHELL; 
А UP ТО 32 
nucleus of an atom. Since the neutron has no charge, ELECTRONS 


the nucleus has a positive (+) charge. 

The electrons orbit the nucleus of an atom, com- 
pleting billions of trips around the nucleus each mil- 
lionth of a second. In all atoms the electrons are 
arranged in shells at various distances from the nucleus 
according to the amount of energy they have. The total 
number of shells an atom has varies from one to seven 
shells. The shells are numbered innermost to outermost 
15 2, 3, 4, 5, 6, and 7 or are lettered K, L, M, N, O, P, 
and Q. See Figure 1-4. 

Each shell can hold only a specific number of elec- 
trons. The innermost shell can hold two electrons, the 
second shell can hold eight electrons, the third shell can 
hold 18 electrons, the fourth shell can hold 32 electrons, 
the fifth shell can hold 50 electrons, the sixth shell can 
hold 72 electrons, and the seventh shell can hold 98 elec- 
trons. The shells are filled starting with the inner shells 


1 


and working outward, so that when the inner shell is Г, p лла a ey 
filled with as many electrons as it can hold, the next | Td An бур pee аш — bei | 
2 i rom € jirst one or о letters of tts ngits | 
shell is started. However, the outer shells are never com- J“ ii hinde Осаке TER T ола 
Latin name. 


pletely filled. Most materials used in the electrical/elec- 
tronic field contain four shells or less. 
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Valence Electrons 


The outer shell of an atom includes electrons and is 
called the valance shell. A valence shell is the outer- 
most shell of an atom and contains the electrons that 
form new compounds. For example, two hydrogen at- 
oms combine with the electrons in the outer shell of 
an oxygen atom to form water. The electrons in the 
valence shell are important because they can be used 
to produce an electric current flow. 

Most elements do not have a completed valence shell 
containing the maximum allowable number of elec- 
trons. The number of electrons in the valence shell de- 
termines whether an element allows electrons to easily 
move from atom to atom or resists the flow of elec- 
trons. А material that allows electrons to easily move 
from atom to atom can be used as a conductor. For 
example, copper is a good conductor because copper 
atoms allow their valence electrons to move from atom 
to atom. See Figure 1-5. 
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A material that does not allow electrons to easily 
move from atom to atom can be used as an insulator. 
For example, chlorine is a good insulator because chlo- 
rine atoms do not allow their valence electrons to eas- 
ily move from atom to atom. However, most insulators 
used in the electrical field are made from compounds 
such as glass, rubber, plastic, or paper. Insulators have 
five or more valence electrons. 

Conductors have three or less valence electrons. 
Most conductors have only one or two valence elec- 
trons. Most metals are good conductors. Silver is 
the best conductor, followed by copper, gold, alu- 
minum, and iron. 

A semiconductor is an electronic device that has 
electrical conductivity between that of a conductor 
(high conductivity) and that of an insulator (low con- 
ductivity). Semiconductors (carbon, germanium, and 
silicon) are made from materials that have exactly four 
valence electrons. Semiconductor materials are not 
conductors and not insulators. Semiconductor mate- 
rials do not conduct electricity easily and are not 
good insulators. 

In a conductor atom, an outside force can be ap- 
plied to force the atom to lose or gain valence elec- 
trons. Electrons can be forced to move by chemical 
reaction, friction, pressure, heat, light, or a magnetic 
field. These forces can occur naturally, as with light- 
ning and static electricity, or they can be produced, as 
in a battery or generator. See Figure 1-6. 
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Elements 


Elements are the basic materials that make up all mat- 
ter. An element is a substance that cannot be chemi- 
cally broken down and contains atoms of only one 
variety. All solids, liquids, and gases are made up of 
elements. Some matter may be made up of only one 
element, but most matter is made up of more then one 
element. For example, a pure copper kettle is made 
up of the copper (Cu) element and the water inside 
the kettle is made up of hydrogen (H) and oxygen (O) 


(HYDROGEN AND 
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elements. Oxygen is the most plentiful element on 
Earth. See Figure 1-7. 

There are 109 elements, 92 of which are natural. 
The others are artificial (manufactured). The number 
of elements increases as more elements are discov- 
ered and developed. Each element has a symbol that 
is an abbreviation for the element. The abbreviations 
for elements are internationally recognized and com- 
monly used. The symbols of elements are used to iden- 
tify material composition and to write formulas. See 
Figure 1-8. See Appendix. 
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CHEMICAL ELEMENTS 


Actinium Ac [227] 89 
Aluminum Al 26.9815 13 
Americium Am [243] 95 
Antimony Sb 121:75 5] 
Argon Ar 39.948 18 
Arsenic As 74.9216 33 


Neon Ne 


Neptunium Np [237] 93 
Nickel Ni 58.71 28 
Niobium Nb 92.906 41 
Nitrogen N 14.0067 7 
Nobelium No [255] 102 
Osmium Os 190.2 76 
Cusuaen p (ымм 8 


6 ELECTRICAL PRINCIPLES AND PRACTICES 


Solid elements, such as iron (Fe), copper (Cu), alu- 
minum (AL), silver (Ag), and gold (Au), are of special 
interest in the electrical field because they are conduc- 
tors. Gaseous elements, such as oxygen (O), helium 
(He), mercury-vapor (Hg), scandium (Sc), argon (Ar), 
and neon (Ne), are also of special interest because they 
are used in specific applications. For example, neon 
lights are lamps that contain neon, helium, or argon 
gas under low pressure. Depending upon which gas is 
used and the color of the gas tube, many different-col- 
ored light outputs are possible. Neon is used to pro- 
duce red and orange light. Argon is used to produce 
blue and green light. Helium is used to produce gold 
and white light. See Figure 1-9. 
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The ability to distinguish symbols in the electrical 
field is important because symbols are used on equip- 
ment and for ordering components. For example, con- 
ductors are commonly made of copper, aluminum, and 
copper-clad aluminum. Copper and aluminum are the 
most commonly used materials. Copper-clad aluminum 
is a conductor that has copper bonded to an aluminum 
core. Some electrical equipment is not designed to be 
used with an aluminum conductor. This equipment is 
marked “CU” and “CU-CLAD.” Verifying that a con- 
ductor type matches equipment type assures safe and 
reliable electrical insulation. See Figure 1-10. 


In addition to using symbols when installing equip- 
ment, symbols are also used when ordering equipment, 
such as switching equipment. Electrical contacts are 
used to switch (start and stop) the flow of electricity in 
devices such as switches and relays. The material the 
contacts are made of determines how effectively the 
contacts operate. 

Relay contacts are available in several different 
materials. Material such as silver, silver-cadmium, gold- 
plated silver, and tungsten are typical elements used 
to make electrical contacts. The material used is deter- 
mined by the application. If the wrong material is used, 
the equipment wears prematurely, causing equipment 
malfunction. The appropriate material should be speci- 
fied when ordering a contact for a given application. 
See Figure 1-11. 

Most contacts include silver, because silver has the 
highest electrical conductive property of all materials. 
However, pure silver sticks, welds (from arcing), and is 
subject to sulfidation when used for many applications. 
Sulfidation 1s the formation of film on the contact sur- 
face. Sulfidation increases the resistance (opposition) to 
the flow of electricity through the contacts. 

To reduce sulfidation, silver is alloyed with other 
metals. For example, silver is alloyed with cadmium (Cd) 
to produce a silver-cadmium contact. Silver-cadmium 
contacts have good electrical characteristics and low 
resistance, which helps the contact resist arcing but not 
sulfidation. Silver-cadmium contacts are used in cir- 
cuits that switch higher currents at more than 12 V, 
because the higher current burns off the sulfidation. 

Some electrical contacts are used in applications that 
require frequent switching; others are used in applica- 
tions that require very little switching. When contacts 
are seldom switched, sulfidation can build up and dam- 
age the silver contacts. To prevent this problem, gold- 
plated silver contacts are used in applications that 
require infrequent switching to minimize sulfidation and 
provide a good electrical connection. However, gold- 
plated contacts are not used in high-current applica- 
tions because the gold burns off quickly at high currents. 

Tungsten contacts are used in high-voltage applica- 
tions because tungsten has a high melting temperature 
and is less affected by arcing. Tungsten contacts are 
also used when high repetitive switching is required. 


| TECH 


| 
TIP Gold-plated silver contacts should be used ` 


in applications that require intermittent | 

switching to provide electrical conduction | 

and reduce sulfidation. 
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CONTACTS Compounds 

Егеру ARMATURE А molecule is the smallest particle that a compound 
can be reduced to and still possess the chemical prop- 
erties of the original compound. If the compound were 
divided further, only atoms of elements would remain. 
For example, a drop of water contains billions of wa- 
ter molecules. If the drop of water were divided until 
only a single water molecule remained, that final 
molecuie would still possess all the chemical proper- 
ELECTROMECHANICAL RELAY ties of water. However, if the one molecule of water 
were further divided, only two hydrogen atoms and 
one oxygen atom would remain. 


ORDERING A compound is a combination of the atoms of two 
XX-A-A-A-A or more elements. Every compound has a definite com- 


position described by a chemical formula. There are 


1 l i 

| many more compounds then there are elements. This 
(1) CONTACT MATERIAL- - - - ----- - | | | is because elements сап be combined to produce mate- 
(2) CONTACT CONFIGURATION ---- ---- 4 | rials having characteristics that are completely differ- 
(8) EO rH RN sede. | | ent from the original elements. Water (H,O) is an 
i example of a simple compound composed of hydrogen 
(4) COIL RATED VOLTAGE -------------------- | and oxygen elements. Water consists of two atoms of 
© © © hydrogen linked to one atom of oxygen. The chemical 
formula for water is written H,O because there are ex- 
Br m Аа REST а ОД s 24 nc actly twice as many hydrogen atoms as oxygen atoms 

ue€— ы rie DE pu AE in any sample of water. See Figure 1-12. 


There are only 109 elements, but these elements 
can be combined in many different ways to form mil- 
lions of compounds. Elements can even be combined 
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in different proportions to produce different compounds. 
For example, the elements of carbon and hydrogen can 
combine to form methane (CH,) or propane (C,H,). 
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COMPOUND 


When some elements are combined, the properties 
of the compound may differ considerably from that of 
the individual elements. For example, the element so- 
dium (Na) is a soft metal that reacts violently with 
water, and the element chlorine (Cl) is a poisonous gas. 
Common table salt (NaCl) is formed when the elements 
sodium and chlorine are combined. 

Elements such as carbon (C), silicon (Si), and ger- 
manium (Ge) are combined with other elements to 
produce specific compounds that have unique elec- 
trical characteristics. For example, carbon is used to 
make electrical resistors. Germanium and silicon are 
used to make electronic components such as diodes 
and transistors. 

The electrical properties of compounds are impor- 
tant in water treatment, gas and oil refining, food pro- 
cessing, chemical and pharmaceutical manufacturing, 
medical applications, and research. In such areas, low- 
voltage electricity is passed through the compounds 
and used to take measurements that provide informa- 
tion about the product being tested. For example, a 


carbon monoxide sensor can be used to troubleshoot a 
malfunctioning furnace. The carbon monoxide sensor 
displays the amount of carbon monoxide (CO) in the 
air in parts per million. See Figure 1-13. 


Fluke Corporation 
— —— 


200 РРМ Mild headache, fatigue, nausea, and dizziness 


800 PPM Dizziness, nausea, and convulsions. 
Death within 2 to 3 hours 


t U.S. Department of Labor, Occupational Safety and Health Administration (OSHA) 
Regulation 1917.24: The CO content in any enclosed space shall be maintained at not 
more than 50 PPM (0.00525). Remove employees from enclosed space if the CO 
concentration exceeds 100 PPM (0.01%). 


* in parts per million (ppm) 


[Figure 1-13 | 


Law of Electric Charges 


Although an atom is normally electrically neutral be- 
cause there are as many electrons (—) in it as there are 
protons (+), an atom can lose or gain a few electrons. 
The gaining or losing of electrons produces an electric 
charge in the atom. All charged particles exert forces 
on one another, even if they are not in physical con- 
tact. The exerted force is due to the electric field that 
surrounds all charged particles. 


The law of charges is a law that states that oppo- 
site charges attract and like charges repel. Therefore, 
a positively charged particle attracts a negatively 
charged particle, a positively charged particle repels 
another positively charged particle, and a negatively 
charged particle repels another negatively charged 
particle. See Figure 1-14. 
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Electron Flow 


Early scientists believed that electrons flowed from 
positive to negative. Later, when atomic structure was 
studied, electron flow from negative to positive was 
introduced. The two different theories are called con- 
ventional current flow and electron current flow. Con- 
ventional current flow is current flow from positive to 
negative. Electron current flow is current flow from 
negative to positive. See Figure 1-15. 

Both conventional current flow and electron cur- 
rent flow are still used. Conventional current flow is 
used more in the electrical field and by electrical engi- 
neers to aid in explaining electrical circuit properties. 
Conventional current flow is also widely used in the 
small engine, automotive, marina, and aviation fields. 
Electron current flow is used more in the electronic 
semiconductor field to assist in explaining the opera- 
tion of solid-state electronic components. 
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Electricity Production 


Potential energy is the stored energy a body has due to 
its position, chemical state, or condition. Solar cells 
can convert solar power directly into electricity. How- 
ever, converting other potential energy into a force that 
turns a generator produces the vast majority of elec- 
tricity. The major forms of energy used to produce elec- 
tricity through a generator include fossil fuels (coal, 
natural gas, and oil), nuclear power, and hydroelectric 
(water) power. See Figure 1-16. 

A fossil fuel is a fuel formed by plant and animal 
remains taken from the ground. Available quantities 
of fossil fuel are limited. These natural resources can- 
not be formed as quickly as they are being depleted. 

Coal is the most widely used fossil fuel. It is strip- 
or surfaced-mined, transported, and burned to produce 
the steam necessary to drive the generators that pro- 
duce electricity. The United States produces about 
600,000,000 t (tons) of coal per year. The production 
of electricity requires approximately 350,000,000 t per 
year. The balance of the coal is used to produce heat. 

The cost of coal is relatively lower than oil, based 
on Btu per unit and the fact that the coal consumed in 
the United States is mined in the United States. A Btu 
(British thermal unit) is the amount of heat required to 


raise the temperature of 1 Ib of water 1°Е. Most of the 
oil used in the United States is transported from other 
countries, which increases its price. 

Natural gas is found in the earth along with oil. 
Natural gas is an efficient form of energy used to pro- 
duce heat. Natural gas and oil are transported overland 
by pipeline. Oil is transported overseas in huge tank- 
ers. Since natural gas and oil are not as abundant or as 
inexpensive as coal, the generators that use them to 
produce electricity are used only when the demand for 
electricity is great. Electricity is in greatest demand 
between 4:00 PM and 6:00 PM. 

Nuclear power is created through a carefully con- 
trolled process in which nuclear fission occurs. Nuclear 
fission is the splitting of atomic nuclei, resulting in the 
release of large amounts of energy. Nuclear fission cre- 
ates heat that is transmitted to a heat exchanger. The 
heat transforms water into steam. The steam is used to 
drive a generator and produce electricity. 

The primary use of nuclear power is for the produc- 
tion of electricity. Uranium 235 (??U) is the major el- 
ement used for nuclear fission. The extraction of 
uranium is expensive because of the precautions taken 
to protect the miners from radiation. The United States 
has a large reserve of uranium that is estimated to be 
approximately one-fourth of the world's supply. 
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Approximately 40% of the electricity generated in 
the United States is used in industry, 3446 in residences, 
and 26% in commercial applications. The increased 
demand for electricity has resulted in a greater reli- 
ance on nuclear power for generating electricity. 

Hydroelectric power uses the force of water created 
by a dam in the production of electricity. The force 
behind the moving water drives the generators that pro- 
duce electricity. The large amounts of water in the res- 
ervoirs behind dams put some restrictions on locations 
for power stations. The use of hydroelectric power has 
increased because little waste is created and the pro- 
cess is fairly clean. See Figure 1-17. 
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Codes and Standards 


National, state, and local codes and standards are used to 
protect people and property from electrical dangers. A 
code is a regulation or minimum requirement. А standard 
is an accepted reference or practice. Codes and standards 
ensure electrical equipment is built and installed safely 
and every effort is made to protect people from electrical 
shock. See Figure 2-1. 


National Fire Protection Association (NFPA) 


The National Fire Protection Association (NFPA) is a 
national organization that provides guidance in as- 
sessing the hazards of the products of combustion. The 
NFPA publishes the National Electrical Code (NEC?). 
The purpose of the NEC? is the practical safeguarding 
of persons and property from the hazards arising from 
the use of electricity. The NEC? is updated every three 
years. Many city, county, state, and federal agencies use 
the NEC? to set requirements for electrical installations. 
The NEC? is primarily concerned with protecting lives 
and property. 


American National Standards Institute 
(ANSI) 


The American National Standards Institute (ANSI) is a 
national organization that helps identify industrial and 
public needs for standards. ANSI coordinates and encour- 
ages activities in national standards development. 
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Occupational Safety and Health 
Administration (OSHA) 


The Occupational Safety and Health Administration 
(OSHA) is a federal agency that requires all employers to 
provide a safe environment for their employees. All work 
areas must be free from hazards likely to cause serious harm. 
The provisions of this act are enforced by federal inspec- 
tion. With few exceptions, OSHA uses the NEC? to help 
ensure a safe electrical environment. OSHA has developed 
color codes to help ensure a safe environment. See Figure 
2-2. The color codes help quickly identify fire protection 
equipment, physical hazards, dangerous parts of machines, 
radiation hazards, and locations of first aid equipment. 


National Electrical Manufacturers 
Association (NEMA) 


The National Electrical Manufacturers Association 
(NEMA) is a national organization that assists with infor- 
mation and standards concerning proper selection, rat- 
ings, construction, testing, and performance of electrical 
equipment. NEMA standards are used as guidelines for 
the manufacture and use of electrical equipment. 


Underwriters Laboratories Inc. (UL?) 


Underwriters Laboratories Inc. (UL?) is an independent 
organization that tests equipment and products to see if 
they conform to national codes and standards. Equip- 
ment tested and approved by UL? carries the UL? label. 
UL®-approved equipment and products are listed in its 
annual publication. 
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CODES AND STANDARDS - 


ANS 
1819 L Street, NW 
Washington, DC 20036 


NFPA 
Batterymarch Park 
Quincy, MA 02269 


CSA 

5060 Spectrum Way 

Suite 100 

Mississauga, ON LAW 5N6 


UL 
333 Pfingsten Rd 
Northbrook, IL 60062 
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containers of flammable liquids, emergency stop 
pushbuttons and switches 


Caution and for marking physical hazards, waste 

containers for explosive or combustible materials, caution 
against starting, using, or moving equipment under repair, 
identification of the starting point or power source of machinery 


Yellow 


Dangerous parts of machines, safety starter buttons, the 
Orange exposed parts (edges) of pulleys, gears, rollers, cutting 
devices, power jaws 
| Purple | Radiation hazards 


G Safety, location of first aid equipment (other than fire fighting 
reen я 
equipment) 


a 2.2 


Canadian Standards Association (CSA) 


The Canadian Standards Association (CSA) is a Cana- 
dian organization similar to UL® that tests equipment 
and products to ensure they meet national standards. 
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NEMA 

1300 N. 17th Street 
Suite 1847 
Rosslyn, VA 22209 


ELECTRICAL 
HIGH RESTRICTED 
HAZARDS DO NOT VOLTAGE AREA 


OSHA 

230 South Dearborn Street 
32nd Floor, Room 3244 
Chicago, IL 60604 


Fire Extinguisher Classes 


The five classes of fires are Class A, Class B, Class C, 
Class D, and Class K. Class A fires include burning wood, 
paper, textiles, and other ordinary combustible materi- 
als containing carbon. Class B fires include burning oil, 
gas, grease, paint, and other liquids that convert to a gas 
when heated. Class C fires include burning electrical 
devices, motors, and transformers. Class D is a special- 
ized class of fires including burning metals such as zir- 
conium, titanium, magnesium, sodium, and potassium. 
Class K fires include grease in commercial cooking 
equipment. See Figure 2-3. 


Per OSHA, it is an employer’s duty to fur- | 
nish each employee a place of employment i 
which is free from recognized hazards that | 
are causing or are likely to cause death or 
serious physical harm. 
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Personal Protective Equipment 


Electrical workers use personal protective equipment 
to prevent injury. All personal protective equipment 
must meet NFPA 70E, OSHA Standard Part 1910 Sub- 
part I-Personal Protective Equipment (1910.132 to 
1910.138), applicable ANSI standards, and other safety 
mandates. Protective helmets or hard hats protect elec- 
trical workers from impact, falling and flying objects, 
and electrical shock. See Figure 2-4. 

Clothing made of durable material such as denim 
provides protection from contact with sharp objects and 
rotating equipment. Safety glasses, respirators, ear 
plugs, and gloves are used based on the work task per- 
formed. For example, gloves made from rubber may 
be used to provide maximum insulation from electri- 
cal shock hazards. Safety shoes with steel toes and thick 
soles provide protection from sharp falling objects. 
Insulated rubber boots and rubber mats provide insu- 
lation to prevent electrical shock. 


Head Protection 


Head protection requires using a protective helmet. A 
protective helmet is a hard hat that is used in the work- 
place to prevent injury from the impact of falling and 
flying objects, and from electrical shock. Protective 
helmets resist penetration and absorb impact force. Pro- 
tective helmet shells are made of durable, lightweight 
materials. A shock-absorbing lining consists of crown 
straps and a headband that keeps the shell away from 
the head to provide ventilation. 
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Protective helmets are identified by class of pro- 
tection against specific hazardous conditions. Class 
A. B. and C helmets are used for construction and 
industrial applications. Class A protective helmets 
protect against low-voltage shocks and burns and 
impact hazards and are commonly used in construc- 
tion and manufacturing facilities. Class B protective 
helmets protect against high-voltage shock and burns, 
impact hazards, and penetration by falling or flying 
objects. Class C protective helmets are manufactured 
with lighter materials, yet provide adequate impact 
protection. See Figure 2-5. 


PROTECTIVE HELMETS 


LAB SAFETY SUPPLY, INC. 
MODEL No. YX27178 

ANSI Z89 1-1997 

CLASS А. B, C CERTIFIED 


CROWN 
STRAPS 


MADE IN USA 


SHELL 
HEADBAND 


General service, limited voltage protection 


Lab Safety Supply, Inc. 


Eve Protection 


Eye protection must be worn to prevent eye or face 
injuries caused by flying particles, contact arcing, and 
radiant energy. Eye protection must comply with OSHA 
29 CFR 1910.133, Eye and Face Protection. Eye pro- 
tection standards are specified in ANSI Z87.1, Occu- 
pational and Educational Eye and Face Protection. Eye 
protection includes safety glasses, face shields, and 
goggles. See Figure 2-6. 

Safety glasses are an eye protection device with spe- 
cial impact-resistant glass or plastic lenses, reinforced 
frames, and side shields. Plastic frames are designed 
to keep the lenses secured in the frame if an impact 
occurs and to minimize the shock hazard when work- 
ing with electrical equipment. Side shields provide 
additional protection from flying objects. Tinted-lens 
safety glasses protect against low-voltage arc hazards. 

A face shield is an eye and face protection device 
that covers the entire face with a plastic shield and is 
used for protection from flying objects. Tinted face 


shields protect against low-voltage arc hazards. Goggles 
are an eye protection device with a flexible frame that 
is secured on the face with an elastic headband. Goggles 
fit snugly against the face to seal the areas around the 
eyes and may be used over prescription glasses. 
Goggles with clear lenses protect against small flying 
particles or splashing liquids. Tinted goggles are some- 
times used to protect against low-voltage arc hazards. 
Safety glasses, face shields, and goggle lenses must 
be properly maintained to provide protection and clear 
visibility. Lens cleaners are available that clean with- 
out risk of lens damage. Pitted or scratched lenses re- 
duce vision and may cause lenses to fail on impact. 
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Ear Protection 


Ear protection devices are devices worn to limit the 
noise entering the ear and includes earplugs and ear- 
muffs. An earplug is an ear protection device made of 
moldable rubber, foam, or plastic and inserted into the 
ear canal. An earmuff is an ear protection device worn 
over the ears. A tight seal around an earmuff is required 
for proper protection. 

Power tools and equipment can produce excessive 
noise levels. Technicians subjected to excessive noise 
levels may develop hearing loss over a period of time. 
The severity of hearing loss depends on the intensity 
and duration of exposure. Noise intensity is expressed 
in decibels. A decibel (dB) is a unit of measure used to 
express the relative intensity of sound. See Figure 2-7. 

Ear protection devices are assigned a noise reduc- 
tion rating (NRR) number based on the noise level re- 
duced. For example, an NRR of 27 means that the noise 
level is reduced by 27 dB when the device is tested at 
the factory. To determine approximate noise reduction 
in the field, 7 dB is subtracted from the NRR. For ex- 
ample, an NRR of 27 provides a noise reduction of 
approximately 20 dB in the field. 
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Hand and Foot Protection 


Hand protection consists of gloves worn to prevent in- 
juries to hands caused by cuts or electrical shock. The 
appropriate hand protection is determined by the dura- 
tion, frequency, and degree of the hazard to the hands. 
Electrical gloves are gloves made of latex and are used 
to provide maximum insulation from electrical shock. 
Latex gloves are stamped with a working voltage range, 
such as 500 V to 26,500 V. See Figure 2-8. Cover gloves 
are gloves worn over latex electrical gloves to prevent 
penetration of the latex gloves and provide added pro- 
tection against electrical shock. 

Foot protection consists of shoes worn to prevent 
foot injuries that are typically caused by objects fall- 
ing less than 4' and having an average weight of less 
than 65 Ib. Safety shoes with reinforced steel toes pro- 
tect against injuries caused by compression and im- 
pact. Insulated rubber-soled shoes are commonly worn 
during electrical work to prevent electrical shock. 
Some safety shoes have protective metal insoles and 
metatarsal guards for additional protection. Protective 
footwear must comply with ANSI Z41, Personal Pro- 
tection—Protective Footwear. 
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Thickness* | Test Voltage! Voltage 
0.5 500 
1.0 5000 
1.5 10,000 


23 | 20,000 
29 30,000 


* in mm 
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Back Protection 


A back injury is one of the most common injuries re- 
sulting in lost time in the workplace. Back injuries are 
the result of improper lifting procedures. Back injuries 
can be avoided through good planning and by follow- 
ing work procedures. Assistance should be sought when 
moving heavy objects. When lifting objects from the 
ground, ensure the path is clear of obstacles and free 
of hazards. Bend the knees and grasp the object firmly. 
Next, lift the object, straightening the legs and keep- 
ing the back as straight as possible. Finally, move for- 
ward after the whole body is in the vertical position. 
Keep the load close to the body and keep the load 
steady. See Figure 2-9. 


Knee Protection 


А knee pad is a rubber, leather, or plastic pad strapped 
onto the knees for protection. A knee pad is worn by 
technicians who spend considerable time working on 
their knees or who work in close areas and must kneel 
for proper access to electrical equipment. Buckle straps 
or Velcro™ closures secure knee pads in position. See 
Figure 2-10. 
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Rubber Insulating Matting 


Rubber insulating matting is a floor covering that 
provides technicians protection from electrical 
shock when working on live electrical circuits. Di- 
electric black fluted rubber matting is specifically 
designed for use in front of open cabinets or high- 
voltage equipment. Matting is used to protect tech- 
nicians when voltages are over 50 V. Two types of 
matting that differ in chemical and physical char- 
acteristics are designated as Type I natural rubber 
and Type II elastomeric compound matting. See 
Figure 2-11. 
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Electrical Shock 


Improper electrical wiring or misuse of electricity causes 
destruction of equipment and fire damage to property. 
Electricity is the number one cause of fires. More than 
100,000 people are killed in electrical fires each year. 
Safe working habits are required when troubleshooting 
an electrical circuit or component because the electric 
parts that are normally enclosed are exposed. 

An electrical shock results any time a body becomes 
part of an electrical circuit. Electrical shock varies from 
a mild shock to fatal current. The severity of an electri- 
cal shock depends on the amount of electric current (in 
mA) that flows through the body, the length of time the 
body is exposed to the current flow, the path the cur- 


rent takes through the body, the physical size and con- 


dition of the body through which the current passes, and 
the amount of body area exposed to the electric contact. 

The amount of current that passes through a circuit 
depends on the voltage and resistance of the circuit. 
During an electrical shock, a person’s body becomes part 
of the electrical circuit. The resistance a person’s body 
offers to the flow of current varies. Sweaty hands have 
less resistance than dry hands. A wet floor has less resis- 
tance than a dry floor. The lower the resistance, the 
greater the current flow. The greater the current flow, 
the greater the severity of shock. See Figure 2-12. 
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CURRENT INCREASES 
AS RESISTANCE DECREASES 


CURRENT 
FLOW PATHS 


EFFECT OF ELECTRIC CURRENT 
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i Grcis are required for receptacles serving 
countertop surfaces in kitchens of dwelling | 
| units. See NEC? 210.8(A)(6). 
Grounding 


Electrical circuits are grounded to safeguard equip- 
ment and personnel against the hazards of electrical 
shock. Proper grounding of electrical tools, machines, 
equipment, and delivery systems is one of the most 
important factors in preventing hazardous conditions. 

Grounding is the connection of all exposed 
non-current-carrying metal parts to the earth. Ground- 
ing provides a direct path for unwanted (fault) current 
to the earth without causing harm to persons or equip- 
ment. Grounding is accomplished by connecting the 
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EFFECT OF ELECTRIC CURRENT 


circuit to a metal underground pipe, a metal frame of a 
building, a concrete-encased electrode, or a ground 
ring. See Figure 2-13. 

Noncurrent-carrying metal parts that are connected 
to ground include all metal boxes, raceways, enclosures, 
and equipment. Unwanted current exists because of in- 
sulation failure or if a current-carrying conductor makes 
contact with a noncurrent-carrying part of the system. 
In a properly grounded system, the unwanted current 
flow blows fuses or trips circuit breakers. Once the fuse 
is blown or circuit breaker is tripped, the circuit is open 
and no additional current flows. 


TIP The ground connection must be tight and 
free of any paint, oil, grease, or corrosion 
for a ground to be effective. 
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Lockout/Tagout DISCONNECT 


Electrical power must be removed when electrical 
equipment is inspected, serviced, repaired, or replaced. 
Power is removed and the equipment must be locked 
out and tagged out to ensure the safety of personnel 
working with the equipment. 

Per OSHA standards, equipment is locked out and 
tagged out before any preventive maintenance or ser- 
vicing is performed. Lockout is the process of remov- 
ing the source of electrical power and installing a lock 
which prevents the power from being turned ON. | 
Tagout is the process of placing a danger tag on the 
source of electrical power which indicates that the 
equipment may not be operated until the danger tag 
is removed. 

A danger tag has the same importance and pur- 
pose as a lock and is used alone only when a lock 
does not fit the disconnect device. The danger tag 
shall be attached at the disconnect device with a tag 


MULTIPLE 
LOCKOUT 


TAGOUT USED ALONE 


tie or equivalent and shall have space for the 
worker's name, craft, and other required informa- 
tion. A danger tag must withstand the elements and 
expected atmosphere for as long as the tag remains 
in place. See Figure 2-14. 
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A lockout/tagout is used when: 


e Servicing electrical equipment that does not require 
power to be ON to perform the service 


* Removing or bypassing a machine guard or other 
safety device 


* The possibility exists of being injured or caught in 
moving machinery 


* Clearing jammed equipment 


* The danger exists of being injured if equipment 
power is turned ON 


Lockouts and tagouts do not by themselves remove 
power from a circuit. Ап approved procedure is fol- 
lowed when applying a lockout/tagout. Lockouts and 
tagouts are attached only after the equipment is turned 
OFF and tested to ensure that power is OFF. The lock- 
out/tagout procedure is required for the safety of work- 
ers due to modern equipment hazards. OSHA provides 
a standard procedure for equipment lockout/tagout. 
OSHA’s procedure is: 


1. Prepare for machinery shutdown 
Machinery or equipment shutdown 
Machinery or equipment isolation 
Lockout or tagout application 


Release of stored energy 


Sa A a e 


Verification of isolation 


Warning: Personnel should consult OSHA Standard 
1910.147—The Control of Hazardous Energy (Lockout/ 
Tagout) for industry standards on lockout/tagout. 


А lockout/tagout must not be removed by any other 
person than the person who installed it, except in an 
emergency. In an emergency, the lockout/tagout may 
be removed only by authorized personnel. The autho- 
rized personnel must follow approved procedures. A 
list of company rules and procedures are given to any 
person who may use a lockout/tagout. 


Always remember: 


* Use a lockout and tagout when possible. 


* Use a tagout when a lockout is impractical. A tagout 
is used alone only when a lock does not fit the dis- 
connect device. 


* Use a multiple lockout when individual employee 
lockout of equipment is impractical. 


* Notify all employees affected before using a lock- 
out/tagout. 


* Remove all power sources including primary and 
secondary. 


* Measure for voltage using a voltmeter to ensure that 
power is OFF. 


Lockout Devices 


Lockout devices are lightweight enclosures that allow 
the lockout of standard control devices. Lockout de- 
vices are available in various shapes and sizes that al- 
low for the lockout of ball valves, gate valves, and 
electrical plugs. 

Lockout devices resist chemicals, cracking, abra- 
sion, temperature changes, and are available in col- 
ors to match ANSI pipe colors. Lockout devices are 
sized to fit standard industry control device sizes. 
See Figure 2-15. 

Locks used to lock out a device may be color-coded 
and individually keyed. The locks are rust-resistant and 
are available with various size shackles. 

Danger tags provide additional lockout and warn- 
ing information. Various danger tags are available. 
Danger tags may include warnings such as “Do Not 
Start," “Do Not Operate,” or may provide space to 
enter worker, date, and lockout reason information. 
Tag ties must be strong enough to prevent accidental 
removal and must be self-locking and nonreusable. 

Lockout/tagout kits are also available. A lockout/ 
tagout kit contains items required to comply with the 
OSHA lockout/tagout standards. Lockout/tagout kits 
contain reusable danger tags, tag ties, multiple lock- 
outs, locks, magnetic signs, and information on lock- 
out/tagout procedures. See Figure 2-16. 
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LOCKOUT DEVICES 


COLORS MATCH LOCKS OUT 


ANSI PIPE COLORS И GATE VALVE 


LOCKS OUT 
LOCKS BALL VALVE ELECTRICAL PLUG 


IN OPEN POSITION 


> PREVENTS CORD 
FROM BEING 
LOCKS BALL VALVE 
IN CLOSED POSITION PLUGGED IN 
MAGNETIC | 
SIGNS Electrical Enclosures 


An electrical enclosure is a housing that protects wires 
and equipment and prevents personnel injury by acci- 
dental contact with a live circuit. Enclosures are used 
to protect electrical equipment such as programmable 


THIS EQUIPMENT 


LOCKED OUT LOCKOUT/ 
DO NOT controllers, motor starters, fuses/breakers, and control 
REMOVE LOCKS TAGOUT KIT 


circuits. An enclosure provides the main protection 
from atmospheric conditions. Using the proper enclo- 
sure helps prevent problems caused by contamination, 


MULTIPLE 
LOCKOUTS 


D Аста moisture, and physical damage. Enclosures аге catego- 
Q rized by the protection they provide. An enclosure is 
© selected based on the location of the equipment and 
One NEC® requirements. See Figure 2-17. 
© © DANGER 
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Always consider the worst possible operating 
conditions when selecting an enclosure. | 
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ENCLOSURES 


| 


Windblown dust, rain, sleet, and ice 
on enclosure 


Rain, external icing, dust, 
and rust resistance 


Falling rain and ice on enclosure 


Rod entry, rain, external 
icing, and rust resistance 


Windblown dust and rain, splashing 
water, hose-directed water, and ice 
on enclosure 


Corrosion, windblown dust and rain, 
splashing water, hose-directed 
water, and ice on enclosure 


Occasional temporary submersion 
at a limited depth 


Prolonged submersion at a limited 
depth 


Withstand and contain an internal 
explosion of specified gases, contain 
an explosion sufficiently so an 
explosive gas-air mixture in the 
atmosphere is not ignited 


Indoor locations classified 
as Class |, Groups A, B, C, 
or D, as defined in the NEC? 


Indoor locations classified 
as Class 11, Groups E or G, 
as defined in the NEC? 


Dust, falling dirt, and dripping 
noncorrosive liquids 


Hosedown, external icing, 
and rust resistance 


Do not provide protection against 
internal condensation or internal icing 


Do not provide protection against dust, 
internal condensation, or internal icing 


Do not provide protection against 
internal condensation or internal icing 


Hosedown, external icing, 
and corrosion resistance 


Do not provide protection against 
internal condensation or internal icing 


Explosion, hydrostatic, and 
temperature 


Dust penetration, 
temperature, and gasket 
aging 


Drip, dust, and rust 
resistance 


Enclosed heat-generating devices shall 
not cause external surfaces to reach 
temperatures capable of igniting 
explosive gas-air mixtures in the 
atmosphere 


Enclosed heat-generating devices shall 
not cause external surfaces to reach 
temperatures capable of igniting 
explosive gas-air mixtures in the 
atmosphere 


Do not provide protection against 


Dust, spraying water, oil, and 
noncorrosive coolant 


The NEC® classifies hazardous locations according 
to the properties and quantities of the hazardous mate- 
rial that may be present. Hazardous locations are divided 
into three classes, two divisions, and seven groups. 

Class is the hazardous location category that refers 
to the generic hazardous material present. Class I ap- 
plies to locations where flammable gases or vapors may 
be present in the air in quantities sufficient to produce 
an explosive or ignitable mixture. Class II applies to 
locations where combustible dusts may be present in 
sufficient quantities to cause an explosion. Class III 
applies to locations where the hazardous material con- 
sists of easily ignitable fibers or airborne materials that 
are not normally in suspension in the air in quantities 
large enough to produce an ignitable mixture. 

Division is the hazardous location category that 
refers to the probability that a hazardous material is 
present. Division 1 applies to locations where ignit- 
able mixtures exist under normal operating conditions 
found in the process, operation, or during periodic 
maintenance. Division 2 applies to locations where 
ignitable mixtures exist only in abnormal situations. 
Abnormal situations occur as a result of accidents or 
when equipment fails. 


Oil explosion and rust 
resistance 


internal condensation 


Do not provide protection against 
internal condensation 


Air mixtures of gases, vapors, and dusts are 


grouped according to their similar characteristics. 
The NEC® classifies gases and vapors in Groups A, 
B, C, and D for Class I locations, and combustible 
dusts in Groups E, F, and G for Class II locations. 
See Figure 2-18. For example, a Type 7 enclosure is 
required for an indoor application where gasoline is 
stored (Class I, Group D). See Appendix. 


Electrical Safety 


Electrical workers must work safely at all times. Ba- 
sic safety rules must be followed when working with 
electrical equipment. Electrical safety rules help 
prevent injuries from electrical energy sources. See 
Figure 2-19. 


An ABC fire extinguisher can be used for 
fires of ordinary combustibles, flammable 
liquids, or electrical equipment. Remain 8’ 
from the fire and direct the spray at the base 
of the fire. 
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HAZARDOUS LOCATIONS 


Hazardous Location — A location where there is an increased risk Liquid — A fluid (such as water) that has no independent shape but 
of fire or explosion due to the presence of flammable gases, vapors, has a definite volume. A liquid does not expand indefinitely and is 
liquids, combustible dusts, or easily-ignitable fibers or flyings. only slightly compressible. 


Location — A position or site. Combustible — Capable of burning. 


Flammable — Capable of being easily ignited and of burning Ignitable — Capable of being set on fire. 
quickly. 


Gas - A fluid (such as air) that has no independent shape or volume ооо 


but tends to expand indefinitely. 
p Flyings — Small particles of material. 


Vapor — А substance in the gaseous state as distinguished from the 
solid or liquid state. Dust — Fine particles of matter. 


DIVISION I EXAMPLES 


—HáÉH Class I: 
Spray booth interiors 


Areas adjacent to spraying or painting operations using 
volatile flammable solvents 


Sufficient quantities of flammable gases 
and vapors present in air to cause an 
explosion or ighite hazardous materials 


Open tanks or vats of volatile flammable liquids 


Drying or evaporation rooms for flammable vents 


Areas where fats and oil extraction equipment using 


Sufficient quantities of combustible dust flammable solvents are operated 


are present in air to cause an explosion or 


ignite hazardous materials Cleaning and dyeing plant rooms that use flammable 
liquids that do not contain adequate ventilation 


Easily ignitable fibers or flyings are present 

in air, but not in a sufficient quantity to Refrigeration or freezer interiors that store flammable materials 
Sape ап ©! tee cous All other locations where sufficient ignitable quantities of 
materials flammable gases or vapors are likely to occur during 
routine operations 


Class II: 


Grain and grain products 


Pulverized sugar and cocoa 
Hazardous location in which hazardous 
substance is normally present in air in 
sufficient quantities to cause an explosion Pulverized spices 


Dried egg and milk powders 


or ignite hazardous materials 


Starch and pastes 


Hazardous location in which hazardous 

substance is not normally present in air in Potato and wood flour 
sufficient quantities to cause an explosion 
or ignite hazardous materials 


Oil meal from beans and seeds 


Dried hay 


= ыы —— а Any other organic material that may produce combustible 
dusts during their use or handling 


Class III: 


Portions of rayon, cotton, or other textile mills 


| ima =„ ч 
Class Il Class Il 


A E 
B E 
C G 
D 
Other establishments involving similar hazardous processes 


Г | or conditions 


Manufacturing and processing plants for combustible fibers, 
cotton gins, and cotton seed mills 


Flax processing plants 
Clothing manufacturing plants 


Woodworking plants 
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ELECTRICAL SAFETY 


Always comply with the NECS, 


Use UL? approved appliances, components, and equipment. 


Keep electrical grounding circuits in good condition. Ground any conductive component or element 


that does not have to be energized. 


he grounding connection must be a low-resistance conductor 
heavy enough to carry the largest fault current that may occur. 


Turn OFF, lock out, and tag disconnect switches when working on any electrical circuit or equipment. 
Test all circuits after they are turned OFF. Insulators may not insulate, grounding circuits may not 


ground, and switches may not open the circuit. 


Use double-insulated power tools or power tools that include a third conductor grounding terminal 
which provides a path for fault current. Never use a power tool that has the third conductor grounding 


terminal removed. 


Always use protective and safety equipment. 


Know what to do in an emergency. 


Check conductors, cords, components, and equipment for signs of wear or damage. Replace any 


equipment that is not safe. 


Never throw water on an electrical fire. Turn OFF the power and use a Class C rated fire extinguisher. 


Work with another individual when working in a dangerous area or with dangerous equipment. 


Learn CPR and first aid. 


Do not work when tired or taking medication that causes drowsiness. 


Do not work in poorly lighted areas. 


Always use nonconductive ladders. Never use a metal ladder when working around electrical equipment. 


Ensure there are no atmospheric hazards such as flammable dust or vapor in the area. A live electrical 


circuit may emit a spark at any time. 


Use one hand when working on a live circuit to reduce the chance of an electrical shock passing 


through the heart and lungs. 


Never bypass or disable fuses or circuit breakers. 


Extra care must be taken in an electrical fire because burning insulation produces toxic fumes. 


Electric Motor Safety 


Two areas requiring attention when working with elec- 
tric motors are the electrical circuit and rotating shaft. 
Basic electric motor safety rules include: 


* Connecting a motor to the correct grounding system. 


Ensuring that guards or housings are connected to 
the rotating parts of a motor or anything connected 
to the motor. See Figure 2-20. 


* Using the correct motor type for the location. For 
example, a DC or universal motor must never be 
used in a hazardous location that contains flammable 
materials because the sparking at the brushes can 
ignite the material. 


* Connecting a motor to the correct voltage and 
power source. 


* Providing the motor with the correct overload and 
overcurrent protection to protect the motor when 
starting or shorted (overcurrent protection) and when 
running (overload protection). 


Pressure Relief Valves 


‘A pressure relief valve is a valve that limits the amount 


of pressure in a fluid power system. A pressure relief 
valve is used as a safety valve to prevent damage that 
may be caused by exceedingly high pressure. Pressure 
relief valves are two-way, normally closed valves that 
may be set to open at a given pressure. The valve is 
closed and no fluid is allowed through the valve when 
the pressure in the system is below the setting of the 
relief valve. The valve opens and relieves the pressure 
in the system when the pressure in the system increases 
to the setting of the valve (or higher). When the pres- 
sure in the system drops below the control knob set- 
ting, the relief valve closes. See Figure 2-21. 
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Pressure relief valves аге also used to relieve exces- 
sive pressure in residential, commercial, and industrial 
heating systems. Relieving the pressure is required 
when water is heated because water is not compress- 
ible. Water expands approximately 496 when heated 
from 60?F to 212?F. A relief valve is installed to re- 
lieve the pressure caused by this expansion in case there 
is no expansion room and/or the temperature control 
GUARD switch fails to turn OFF the heater. See Figure 2-22. 

Pressure relief valves are installed on the cold wa- 
ter inlet side of the tank. The relief valve's outlet should 
be piped to the nearest drain. Local codes normally 
specify which type (diaphragm, etc.) of relief valve 
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Care must be taken to ensure that unauthorized per- 
sons do not adjust the setting of the relief valve higher 
than the system design pressure. Leaks may occur, 
hoses may break, and components may fail if the set- 
ting is set too high. 

Pressure relief valves may be used anywhere in a 
system where it is necessary to prevent pressure from 
exceeding a maximum safe level. The most common 
use of a pressure relief valve is to prevent a fluid 
power pump from developing excessively high pres- 
sure. This condition occurs whenever the system be- 
comes overloaded. 

An overloaded system occurs whenever the fluid 
in the system has no place to go and the pump is 
forcing additional fluid into the system. The pump 
or other components may be damaged if this condi- 
tion is allowed to continue. By relieving pressure at 
the pump, the relief protects the pump motor from 
overloading. 


Documentation Forms 


Documentation forms provide a written record of the 
steps taken to comply with industry safety standards as 
well as a method of tracking progress. Setting safety goals 
and rules, providing safe tools, working conditions, and 
training are all important factors in reducing accidents in 
the workplace. Safety steps must be documented to en- 
sure proper compliance with industry safety requirements 
and protect employees and employers. See Figure 2-23. 

Different documentation forms may be used depend- 
ing on the product (or process) being manufactured, 
company policy, and applicable codes and standards. 
Documentation generally requires several different 
steps and forms for record keeping. Documentation 
forms include: Safety Program Training Log, Safety 
Program Personnel, Jobsite Safety Inspection, Protec- 
tion Device Location Identification, Protection Device 
Log, and Accident Reports. 


DOCUMENTATION FORMS 


CORRECTIVE 
ACTION 


TRAINING 
RESULTS 


EMPLOYEE 
NAME 


LOCATION 


DESCRIPTION 
OF ACCIDENT 


ЕЕЕ 


Ве-Тга ning 


ACCIDENT REPORT 


Training Dale(s) 


azard 


otamo Accident 


1 Hazard Analysis 


13 Required Posters 


Description of Acedeni 


Wnet pan o! the employee s body was injured? 


3 Hazcom Program 


2 First Ак/Єуе Wash 14 Toots (Condition! 
| js Temporary Heat 


4 Fall Protection 


16. Power Actuated Tools 


What type о! jury? 1з ә cut, brusa broken Done strain etc ) 


5 Cranes 


17 OxygervAcelylene. 


What was the employee dong when the acodenl occurred? (walong. carrying, Ио. chiming) 


б PPE 


18 Temp Lighis/Panols 


be spootic 


7 Assured Gmd/GFCI 


18 Overhead Poariiness 


Were thors any witnesses lo the accident? YES_NO_ yes please $i any witnesses ( nauding 


8 Scalloiding 


20 Body Harmess/Lanyard 


other contractor өгүхоувоѕ) 


9 Ledders/Stev ways 


21 Slee. Assembly 


Was ihera any unsafe act or condition thal direcily attobuiled to the acodent? YES_NO_ 


1* Floor/Well Openings: 


10 mandras.Guardrals | |22 Fire Control 
23 Prolruding Rebar 


Il ves. pioase explain 


24 Demolition 


Пет Thal Need Attention 


Corrective Actlon Taken 


Was wealmer a tacio? YES. NO. М yos. please explain 


s 


Personal Protective Equipment required for the Job Lasx (please check any that apply) 
O Mard Hal. [Fut Body Натева Овоме 


О ѕоеуу Glasses. D38oots O Other 


Was Injured amployee using all required persone protective equipment? YES NO М по piense 


explain = 


What cen be done to prevent a recurrence ol в omilar accident? 


SAFETY PROGRAM 
TRAINING LOG 


What job steps were changed on site?, 


= = 


JOB SITE SAFETY 
INSPECTION 


ACCIDENT REPORT 


Mathematics 


Mathematics is the science^of numbers and their op- 
erations, interrelations, and combinations. Arithmetic 
is the branch of mathematics that involves the com- 
putation (addition, subtraction, multiplication, and 
division) of positive real numbers. А real number is 
any number associated with a point on a line. 


Electricians must be competent in addition, sub- 
traction, multiplication, and division, as well as in 
converting fractions to decimals, calculating percent- 
ages, converting decimals to fractions, metric con- 
versions, etc. These operations are used when 
calculating service entrance capacity, conduit fill, 
conduit bends, wire ampacity, etc. 


Whole Numbers 


Whole numbers (integers) are numbers that have no 
fractional or decimal parts. For example, 1, 2, 8, 34, 
1845, etc. are whole numbers. Whole numbers are 
used for counting all things that can be counted as 
separate objects. Whole numbers are odd or even. 
See Figure 3-1. An odd number is any number that 
cannot be divided by 2 an exact number of times. 
Odd numbers always end in 1, 3, 5, 7, or 9. For 
example, numbers such as 3, 35, 125, 239, etc. are 
odd numbers. An even number is any number that 
can be divided by 2 an exact number of times. An 
even number is any number ending in 2, 4, 6, 8, or 
0. For example, the numbers 6, 22, 180, 1904, etc. 
are even numbers. 
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A prime number is a number that can be divided 
an exact number of times, only by itself and the num- 
ber 7 Por example. the numbers Т, 2, ЗІ, 
13, 19, 23, etc: are prime numbers: 


Many more numbers exist that are partially frac- 
tional or decimal than there are integers because most 
quantities cannot be directly counted, but must be 
measured in some way. Continuous quantities are the 
numbers resulting from measurements that cannot be 
directly counted. 


Tero RUE урааа ren oM et Ie Nep ELIT E BLEEDS LET ETSI Yates tien 


лыг numbers indicate whole or complete i 
quantities. Counting numbers are whole num- 
bers beginning with the number 1. 
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Fractions 


A fraction is a part of a whole unit or number. Frac- 
tions are shorthand methods of describing a part of 
a total amount. Any number or item smaller than one 
is a fraction and can be divided into a number of 
fractional parts. See Figure 3-2. 


FRACTIONS 


EACH PART CIRCLE DIVIDED 


IN FOUR PARTS 


Я NUMERATOR 
1 


ч X 


4 РЕМОМІМАТОА— 47 4 


PROPER 
FRACTION 


IMPROPER 
FRACTION 


The top number of a fraction is the numerator, 
and the bottom number is the denominator. The de- 
nominator of a fraction is a number that indicates 
the number of equal parts into which a unit is divided. 
The numerator of a fraction is a number that indicates 
how many of these parts are used. For example, if 
a circle is divided into four equal parts, each part is 
] part out of the total of four parts. Each part may 
be written as the fraction l4. The circle may be di- 
vided into any number of equal parts with each part 
being 1 part out of the total number of parts. 


A proper fraction is a fraction that has a numerator 
smaller than its denominator. The value of a proper 
fraction is less than one unit. An improper fraction 
is a fraction that has a numerator larger than its de- 
nominator. An improper fraction contains one or 
more than one whole unit. An improper fraction is 
changed into a mixed number (a whole number and 
a proper fraction) by dividing the numerator by the 
denominator. For example, when dividing the nu- 
merator 9 of the improper fraction % by its denomi- 
nator 4, the result is 214. The improper fraction 94 
contains two whole units and one fourth of a unit. 
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Reducing Fractions 


Reducing fractions is the process of changing a frac- 
tion from one fractional form to another. Fractions 
are reduced when they are changed to lower terms. 
Fractions are reduced because it is easier to use and 
perform calculations with smaller fractions. For ex- 
ample, the fractions 72/44, 3952, 1836, and \% are all 
equivalent fractions. In calculations, it is easier to 
work with l^ which is 72444, 3652, and !946 reduced 
to their lowest terms. 

To reduce a fraction to lower terms, divide the 
numerator and denominator by the same terms. The 
value of a fraction is not changed when the numerator 
and denominator are multiplied or divided by the 
same number. For example, the fraction % can be 
reduced to lower terms by dividing 3 (numerator) 
and 9 (denominator) by the same number (3). See 
Figure 3-3. Reducing 30 to lower terms does not 
change its value. 


REDUCING TO LOWER TERMS 


(1) SAME NUMBER 
ЛУ 
dE s 1 
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Adding Fractions 


Fractions that have the same denominator are added 
or subtracted by adding or subtracting the numerators 
and putting the result over the common denominator. 
See Figure 3-4. For example, to add / and 1%, add 
the numerators (1+ 1 = 2) and place the sum over 
the denominator (7$). The fraction 2$ can be reduced 
to 1⁄4. 


Fractions with unlike denominators must be 
changed to have a common denominator (lowest com- 
mon denominator) before they can be added. The nu- 
merators are added or subtracted after the fractions 
are changed to equivalent fractions with the same 
denominator. 


s 


ADDING FRACTIONS WITH 
LIKE DENOMINATORS 


Q ADD NUMERATORS 
Ө CARRY DENOMINATOR 
[3] REDUCE AS REQUIRED 


The lowest common denominator (LCD) is the 
smallest number into which the denominators of a 
group of two or more fractions divides an exact num- 
ber of times. To find the LCD for a group of fractions, 
arrange the denominators in a horizontal row. A di- 
vision sign is drawn under the row. The lowest pos- 
sible number that divides an exact number of times 
into two or more of the denominators is found. See 
Figure 3-5. 
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The denominators are divided by this number and 
the quotients are placed under the denominators that 
are divisible an exact number of times. The denomi- 
nators that are not divisible by this number are 
brought down. The steps are repeated until division 
is no longer possible. Multiply all the divisors and 
quotients (numbers left in the last line). The product 
is thes LED. 


For example, to add '4 and 34, the fractions are 
reduced to common terms (LCD) or changed to have 
common denominators. See Figure 3-6. The fractions 
have an LCD of 4. The equivalent fractions are l^ 
= 24 and 34 = 34. Add the numerators (2 + 3 = 5). 
Place the 5 over 4 (54). The fraction 54 is an improper 
fraction which reduces to the mixed number 11⁄4. 


ADDING FRACTIONS WITH 
UNLIKE DENOMINATORS 


@ Reduce To LcD 

Ө ADD NuMERATORS 
©) CARRY DENOMINATOR 
Ө REDUCE AS REQUIRED 


Subtracting Fractions 


Fractions must have common denominators before 
they can be subtracted. All fractions to be subtracted 
must be reduced to their LCD. To subtract mixed 
numbers, whole numbers and fractions are subtracted 
separately and the two differences are added. 


To subtract fractions that have common denomi- 
nators, subtract the numerators and place the differ- 
ence over the denominator. See Figure 3-7. For 
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example, to subtract 516 from %6, 5 is subtracted 
from 9 (9~5=4). The 4 is placed over 16 (Ho). 
Reduce 416 by dividing the numerator and denomi- 


4+4 
tor by 4 (——— = ). 
nator by (тое 4) 


SUBTRACTING FRACTIONS WITH 
COMMON DENOMINATORS 


Ф SUBTRACT NUMERATORS 
Ө carry DENOMINATOR 
[3] REDUCE AS REQUIRED 


To subtract fractions having unlike denominators, re- 
duce the fractions to the LCD. Subtract one numerator 
from the other. See Figure 3-8. For example, to sub- 
tract lg from 742, reduce the fractions to the LCD 
12 (ж = 242 and 742 72). Subtract the numerators 
(7 — 2 = 5). Place the 5 over 12 (742 — 242 = 2). 


SUBTRACTING FRACTIONS 
WITH UNLIKE DENOMINATORS 


1) REDUCE TO LCD 
[2] SUBTRACT NUMERATORS 
© CARRY DENOMINATOR 


FACT The value of a fraction is unchanged when а ` 
fraction is multiplied or divided by 1. 


Multiplying Two Fractions 


To multiply two fractions, multiply the numerator of 
one fraction by the numerator of the other fraction, 
and multiply the denominator of one fraction by the 
denominator of the other fraction. Reduce the answer 
as required. See Figure 3-9. For example, to multiply 
Ід by l^ (V4 x V5), multiply the numerators and mul- 
1504 
4502 


tiply the denominators ( = 6). 


MULTIPLYING TWO FRACTIONS 


4 х 


1) MULTIPLY NUMERATORS 
AND DENOMINATORS 


In many cases, cancellation can be used to sim- 
plify the multiplication process. For example, when 
multiplying 25 х 18, the 2 divides into 2 of the 25 
and 8 of the 35 an exact number of times 
А? 

C ap "n Ys x V4). No more cancellation is pos- 
sible so the numerators and denominators are multi- 


Pi 
lied (4 x l4 = —— = д). 
plied (5x 4 554 20) 


Dividing Two Fractions 


To divide one fraction by another, invert the divisor 
fraction. Use cancellation if possible. Then multiply 
the numerators and denominators. Reduce the answer 
as required. See Figure 3-10. 


For example, to divide 3% by 1⁄4, invert 14 (divisor 
fraction) and multiply by 3$ (3% x ^4 = x 12). 
x 


Reduce as required (17$ = 12 + 8 = 1% = 11^). 


Decimals 


A decimal fraction is a fraction with a denominator 
of 10, 100, 1000, etc. The number 1 is the smallest 
whole number. Anything smaller than 1 is a decimal 
and can be divided into any number of parts. For 
example, .85 indicates that the whole number 1 is 
divided into 100 parts, and 85 parts are present. 


DIVIDING TWO FRACTIONS 


DIVISOR FRACTION 


Ф INVERT DIVISOR FRACTION 


o9 MULTIPLY NUMERATORS 
AND DENOMINATORS 


© REDUCE AS REQUIRED 


Any fraction with 10, 100, 1000, or another mul- 
tiple of 10 for its denominator may be written as a 
decimal. For example, 740 is .7, 73400 is .75, and 
7254000 is .725 in the decimal system. 


А decimal is a number expressed in base 10. The 
two types of decimal numbers are proper and mixed 
decimal numbers. А proper decimal number is a deci- 
mal number that has no whole numbers. For example, 
.482 is a proper decimal number. A mixed decimal 
number is a decimal number that has a whole number 
and a decimal number separated by a decimal point. 
For example, 6.75 is a mixed decimal number. 


A decimal point is the period at the left of a proper 
decimal number or the period that separates the parts 
of a mixed decimal number. All numbers to the left 
of the decimal point are whole numbers. All numbers 
to the right of the decimal point are less than whole 
numbers. See Figure 3-11. 


Converting Fractions to Decimals 


Electricians are constantly taking measurements and 
reading specifications. Many measurements and 
specifications are in fractions or decimals. To change 
a fraction to a decimal, divide the numerator by the 
denominator. See Figure 3-12. 


For example, to convert the fraction 7A6 to a deci- 
mal, divide 7 (numerator) by 16 (denominator). Seven 
divided by 16 equals .4375. The fraction 46 has a 
decimal equivalent of .4375. 
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CONVERTING FRACTIONS TO DECIMALS 


NUMERATOR 
FRACTION 


ig^ 4375 


.4375 
16 [7.0000 
64 


60 ЕОШМАГЕМТ 


DENOMINATOR DECIMAL 


The number of decimal places in a product is 
equal to the sum of the number of decimal 
places in the numbers being multiplied. ү 
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Converting Decimals to Fractions 


To convert a decimal to a fraction, place the decimal 
number over 10, 100, 1000, or 10,000 depending on 
the number of digits (decimal places) in the decimal. 
Reduce this number to the smallest fraction. See Fig- 
ure 3-13. 


CONVERTING DECIMALS TO FRACTIONS 


TENTHS PR HUNDREDTHS 


PLACE PLACE 


EQUIVALENT 
FRACTION 


For example, to convert .75 to a fraction, place 
the 75 over 100. The fraction 75/100 is equivalent to 
the decimal number .75. The fraction 75100 can be 
reduced to 34. 


Significant Digits 


Numbers are used to describe quantities by showing 
an exact value as in counting or an approximate value 
which is derived from measuring. An exact number 
includes a motor that costs $357.89. An approximate 
number includes a circuit that averages 120 V. 


When a voltmeter measures a value of 120 V, the 
reading has three significant digits and is precise to 
the nearest 10 V (smallest quantity). However, if the 
meter shows 120.0 V, the measurement is accurate 
to four significant digits and the degree of accuracy 
is a tenth of a volt. The accuracy of a number is 
often specified by the number of significant digits 
(smallest quantity). 


Rounding Numbers 


Rounding is the process of obtaining a number to a 
required degree of accuracy. In measurements, more 
places in a decimal number indicate a higher degree 
of accuracy. For example, when measuring tolerances 
on a machined part, the tolerance may be measured in 
hundredths or thousandths (1.25” + .01” or 1.250" + 
.005”). The overall size of the parts is the same but 


the degree of accuracy is more critical for the part 
measured in thousandths. 


To round a number, locate the number of places 
to which the number is to be rounded. Add 1 to the 
last retained digit if the digit to the right of the place 
to be rounded is 5 or more. Discard all digits to the 
right of the place to be rounded if the digit to the 
right of the place to be rounded is less than 5. The 
NEC? rounds down below 5; leaves the 5; and rounds 
up above 5. See Figure 3-14. For example, when 
rounding the number 65.263 to the hundredths place, 
the three to the right of the place being rounded is 
less than 5, so the numbers to the right of the 6 are 
dropped. The number 65.263 rounded to the hun- 
dredths place is 65.26. When rounding the number 
35.7168 to the thousandths place, add 1 to the 6 
(thousandths) because the 8 occupying the ten thou- 
sandths place is 5 or greater. Drop the rest of the 
decimal. The number 35.7168 rounded to the thou- 
sandths place is 35.717. 


ROUNDING 


LEAVE HUNDREDTHS THE SAME 
AND DROP REST OF DECIMAL 


65.263 = 65.26 


THOUSANDTHS PLACE 
IS LESS THAN 5 


ROUNDING TO HUNDREDTHS 


ADD 1 TO THOUSANDTHS 
AND DROP REST OF DECIMAL 


35.7168 = 35.717 


TEN THOUSANDTHS 
PLACE IS 5 OR MORE 


ROUNDING TO THOUSANDTHS 


Percentages 


A percentage is a fraction that has a denominator of 
100. The symbol for percent is 96. Percentages are 
used throughout the electrical and electronic fields 
to describe and compare electrical effects and indi- 
cate the efficiency of electric machines. A number 
itself 1s not a fraction, but becomes a fraction when 
the percent symbol is attached to it. For example, 
the number 44 is not a fraction. However, when the 
percent sign is added, it becomes 44400 or 44%. 


Percentages may be converted to decimal numbers. 
To convert a percentage to a decimal number, move 
the decimal point two places to the left and drop the 
percent sign. See Figure 3-15. For example, to con- 
vert 3296 to a decimal number, move the decimal 
point two places to the left and drop the percent sign 
(.32). To change a decimal number to a percentage, 
move the decimal point two places to the right and 
add the percent sign. For example, to convert .66 to 
a percentage, move the decimal point two places to 
the right and add a percent sign (66%). To change a 
common fraction to a percentage, express the fraction 
as a decimal number then move the decimal point 
two places to the right and add the percent sign. 


PERCENTAGES 
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А 32% = 32 
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CONVERTING PERCENTAGE TO DECIMAL 


DECIMAL ii 
.66 


PERCENT 
SIGN 


AA 


.66. = 66% 
VLA 
MOVE DECIMAL POINT TWO 
PLACES TO RIGHT AND ADD % 


CONVERTING DECIMAL TO PERCENTAGE 


To calculate the percentage one number is of 
another, divide the larger number into the smaller 
number and multiply the result by 100%. See Figure 
3-16. For example, to calculate what percentage 3 is 
of 12. divide 3 by 12 (3 +12 = .25). Multiply .25 x 
100 (.25 х 100 = 25%). The number 3 is 25% of the 
number 12. 


Powers 


Factors are two or more numbers multiplied to- 
gether to give a product. For example, in the 
problem 3 x 4 = 12, the 3 and 4 are factors of 12. 
A power is the product of a repeated factor. A base 
is the repeated factor that is multiplied to obtain 
a power. 
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PERCENTAGE ONE NUMBER 
IS OF ANOTHER 


PERCENT © 
NUMBER 
РА =. 
OF 12 = 3+12 = .25 х 100 = 25% 
—— 


Q DIVIDE PERCENT NUMBER BY OTHER NUMBER 
o MULTIPLY BY 100 


For example, in the problem 3x 3x 3 x 3 = 81, the 
product (81) is the power and the factor (3) is the 
base. The number 3 15 the base of the power 81, and 
81 1s.the power of the base 3. 

The product is to the second power or square when 
the base is used twice as a factor. For example, the 
square of 4 is 4x 4 or 16. The product is to the third 
power or cube when the base is used three times as 
a factor. For example, the cube of 5 is 5x5x5 or 
125. The product is to the fourth power, fifth power, 
sixth power, etc. and is indicated by an exponent 
when the base is used as a factor more than three 
times. See Figure 3-17. 


POWERS 
EXPONENT (SUPERSCRIPT) 


BASE 
E? = 10 x 10 x 10 21000 
e 


POWER 
(PRODUCT) 


— EEE ee 
10! = 10 x 10 x 10 x 10 x 10 x 10 21,000,000 
EXPONENT 


BASE FACTORS 


An exponent is a number that indicates the number 
of times a base is raised to a power (number of times 
used as a factor). Exponents are indicated with a su- 
perscript. А superscript is a small number above and 
to the right of the base. For example, 2^ (two raised 
to the fourth power) indicates that the base (2) is 
multiplied four times as a factor (2x 2x 2x2 = 16), 
and 16 is the fourth power of 2. 
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Exponents may be positive, negative, or zero. A base 
number raised to a positive power equals the base num- 
ber multiplied by itself as many times as indicated by 
the exponent. For example, 3? equals 3 x 3 x3 or 27. 
Any base raised to the power of zero is equal to 1. 
For example, 10 = 1, 140 = 1, and 8290 = 1. The first 
power of any number is equal to the number itself. 
Thus, 2! = 2 and 10! = 10. A base raised to a negative 
power is the reciprocal of the base with a positive 
exponent. To find the value of a base raised to a 
negative power, invert the base to find the reciprocal 
and solve the denominator. See Figure 3-18. For ex- 
ample, to find the value of 1074, the base number 
(10) is reciprocated (l40) and the exponent is made 
positive (49+). The denominator is then solved by 
multiplying by the number of times indicated by the 
exponent (10x Yox 10x o = 110.000). 


NEGATIVE EXPONENTS 
NEGATIVE EXPONENT 


Е 1 
0° = — 
©. 10 Q 
BASE NUMBER POSITIVE EXPONENT 


di 1 1 1 
= 116555) 


z 1 —POWER 
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Positive Base Numbers 


To raise a positive base number to a power, multiply the 
positive base number by itself as many times as indicated 
by the exponent. See Figure 3-19. For example, to 
solve 43, multiply 4 by 4 by 4 (4x 4x4 =64). The 
third power of 4, or 43, = 64. 
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11) MULTIPLY BASE AS MANY TIMES 
AS INDICATED BY EXPONENT 


Negative Base Numbers 


To raise a negative base number to a power, multiply 
the negative base number by itself as many times as 
indicated by the exponent. See Figure 3-20. The an- 
swer is a positive number if the negative base number 
is raised to an even power. The answer is a negative 
number if the negative base number is raised to an 
odd power. Parentheses determine to what base the 
exponent applies. For example, the difference be- 
tween (74)? and —(4)2 is that (-4)? is -4 x —4 = 16, 
and -(4)? is -(4x 4) = -16. 


NEGATIVE BASE NUMBERS 
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o MULTIPLY BASE AS MANY TIMES 
AS INDICATED BY EXPONENT 


Fractional Base Numbers 


To raise a fraction to a power, multiply the numerator 
and denominator by the power separately. See Figure 
3-21. A proper fraction raised to a power has an an- 
swer of lesser value than the base fraction. For ex- 
ample, (25)? = %5 which is less than 35. An improper 
fraction raised to a power has an answer of greater 
value than the base fraction. For example, (44) = 
160, which is greater than ^^. 
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| | TECH A negative base number raised to an even | 
FACT power becomes a positive integer. A negative 
base number raised to an odd power becomes 


a negative integer. 
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@ MULTIPLY BASE AS MANY TIMES 
AS INDICATED BY EXPONENT 


Decimal Base Numbers 


To raise decimals or mixed decimals to a power. mul- 
tiply the decimal by itself as many times as indicated 
by the exponent. See Figure 3-22. For example, to 
solve .253, multiply .25*by .25 by .25 (485925 'x 
.25 = .015625). 


DECIMAL BASE NUMBERS 


-EXPONENT 
@‹25)* = 25x.25x.25 
/ POWER 

= 015625 
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Decimals are similar to proper fractions in that 
decimals raised to a higher power have an answer of 
lesser value. For example, .22 = .2 x .2 = .04. which 
is less than .2, and .22 = .2 x .2 x .2 = .008 which is 
less than .2 and .22. 

To find the number of decimal places in the answer. 
multiply the number of decimal places in the base Бу 
the exponent. For example, .36 2.3 x .3 x .3 x .3 x .3 x 
.32.000729 which has six decimal places because 
one (decimal place) multiplied by 6 (exponent) 
equals 6. 


Power of a Power 


The power of a power is found by multipiving the 
two exponents to find the new exponent which ingi- 


cates the number of times the base is used as a factor 
See Figure 3-23. For example. to raise 27 to the third 
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Division of Powers 


To divide two like bases with exponents, subtract the 
exponent of the divisor from the exponent of the divi- 
dend to find the new exponent for the same base. See 
Figure 3-25. For example, to divide 59 by 5^, subtract 
4 from 6 to find the new exponent 2 (6 — 4 = 2). Place 
the 2 as the exponent next to the base and solve 
(5995 e Se = 3568 25). 


DIVISION OF POWERS 
EXPONENTS 


o SO 
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= 25-—POWER 
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Scientific Notation 


In the electrical and electronic fields, calculations 
may involve very large or very small numbers. For 
example, a capacitor may have a value of .000002 
F (farads) or an electrical power transmission line 
may have a voltage of 345,000 V. Electrical problems 
may be solved with formulas which use exponents. 


А coefficient is a factor that is multiplied by the 
base number. For example, in the number 2 x 10?, 
the number 2 is the coefficient. To express a large 
number as a small number times a power of ten, 
move the decimal point to the left and count the 
number of places to the original decimal point. The 
number of places counted gives the positive power 
of ten. For example, 152 = 15.2 x 10!, or 1.52 x 102, 
01152 O10", 


To express a decimal fraction as a whole number 
times a power of 10, move the decimal point to the 
right and count the number of places to the original 
point. The number of places counted is the proper 
negative power of 10. For example, .005 = 5 x 1073, 
or .5x 1072, or .05 x 107. See Figure 3-26. 
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Roots 


A root of a number is the number which must be 
multiplied by itself a given number of times to obtain 
the original number. The original number results 
when the roots of the number are multiplied together. 
For example, the two equal factors of 25 are 5 and 
5 because 25 = 5 х 5. Therefore, 5 is a root of 25. 


A square root of a number is a number which, 
when multiplied by itself, gives the original number. 
For example, the square root of 16 is 4 (4x 4= 16). 
The mathematical symbol for square root is the radi- 
cal sign (V ). The index is the small figure to the left 
of the radical sign (ХҮ ). The radicand is the number 
that appears under the radical sign. A cube root is a 
number which has three equal roots. For example, 
the cube root of 27 is 3 (3x 3x3- 27). When the 
radical sign is used without an index it is understood 
to mean square root. See Figure 3-27. 


ROOTS 


RADICAL SIGN> WHAT NUMBER MULTIPLIED BY 
INDEX ITSELF THREE TIMES EQUALS 27? 
bd 


= ?x?x? = 27 


3° = 27 


RADICAND 


Powers and roots tables may be used to determine 
the square, cubes, square root, cube root, and recip- 
rocal of numbers. See Figure 3-28. To find the square, 
cube, etc., find the number in the Number column 
and move horizontally to the appropriate column. For 
example, to find the square root of 11, find 11 in 
the Number column and move horizontally to the 
Square Root column. The square root of 11 is 
3-591662. 


Measurement 


The two most commonly used systems of measure- 
ment are the English system and the metric system. 
Conversion factors are used to change measurements 
from one system to the other. The English system is 
primarily used in the United States. This system uses 
the inch (in. or ^), foot (ft or ^, pint (pt), quart (qt), 
gallon (gal.), ounce (oz), pound (lb), etc. as basic 
units of measure. See Figure 3-29. 


The metric system is the most common measure- 
ment system used in the world. The metric system 
is based on the meter (m), liter (1), and gram (р). 
See Figure 3-30. 
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Т, multiply values by numbers like 100, 1000, 
etc., move the decimal point one place to the ! 
right for every zero in the multiplier. | 


Metric Prefixes 


Prefixes are used in the metric system to represent mul- 
tipliers. Metric prefixes simplify the notation of large 
and small numbers. For example, the prefix kilo (k) 
has a prefix equivalent of 1000, so 1 kilometer (1 km) 
= 1000 m. Metric prefixes may be used with electrical 
quantities such as 1,000,000 W (1 MW), 1000 V (1 kV), 
.001 W (1 mW), and .000001 A (1 uA). The most 
commonly used prefixes in the electrical/electronic 
field are mega (M), kilo (k), milli (m), and micro 


(u). 


To change from a quantity to another prefix, multiply 
the quantity by the number of units that equals one of 
the original metric units (conversion factor). For ex- 
ample, to change 544 т to kilometers (1 т = l4000 


km), multiply 544 by .001 (544 x .001 = .544 km). 
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ENGLISH SYSTEM | 
p | | 


ee 


LENGTH . Equivalents _ 
5280’, 320 rd, 1760 yd 
5.50 yd, 16.5’ 

3 365 
12", .333 yd 
083’, .028 yd 
square mile sq mi or mi? 640 A, 102,400 sq rd 

acre A 4840 sq yd, 43,560 sq ft 
square rod sq rd or rd? 30.25 sq yd, .00625 A 
square yard sq yd or yd? 1296 sq in., 9 sq ft 
square foot sq ft or ft? 144 sq in., .111 sq yd 


.0069 sq ft, .00077 sq уб 
3 


VOLUME cubic yard 27 cu ft, 46,656 cu in. 
V2sIxwxt 1728 cu іп. .0370 cu yd 
| 200058 cu ft, 000021 cu yd 


quart 2 pt (b7:75"cuvin) 
pint 4 gi (28.875 cu in.) 


gill gi 4 fl oz (7.219 cu in.) 

fl oz 8 fl dr (1.805 cu in.) 
к ве вз7 овогт) | 
a 


k 
pt Yo qt (33.600 cu in.) 
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CAPACITY 


WATER. 
FUEL EIG: 


U.S. liquid measure 


VEGETABLES, 


GRAIN, ETC. quart 


measure 


pint 


p 
0 4 gt (277.420 cu in.) 


qt 2 pt (69.355 cu in.) 
gi 5 fl oz (8.669 cu in.) 
fluidounce fl oz 8 fl dr (1.7339 cu in.) 
fluidram 60 min (.216734 cu in.) 
t 
2 


MASS AND WEIGHT 2000 Ib 
short ton 2000 Ib 
F long ton . 2240 Ib 
COAL, 
GRAIN, ETC. | Ib or s 16 oz, 7000 gr 
: : o 16 dr, 437.5 gr 


dr 
gr 
= АЛД = 
SILVER, ETC. | ў ounce 02 20 dwt. 480 gr 
pennyweight 24 gr, .05 oz 
grain gr .042 dwt, .002083 oz 
ounce 8 dr ap, 480 gr 
dram 3 s ap, 60 gr 


scruple 20 gr, .333 dr ap 
grain .05 s, .002083 oz, .0166 dr ap 


and dry measure 


British imperial liquid 


avoirdupois 


apothecaries’ 


Figure 3-29 
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1,000,000 
10,000 
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.0001 
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cu E 
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GOLD, 
SILVER, ETC. 


1 
.10 


The decimal point in the base is moved to the left 
or right and a prefix is added to convert a unit without 
a prefix (base) to a unit with a prefix. The decimal 
point is moved to the left and a prefix is added to 
convert a large value to a simpler term. The decimal 
point is moved to the right and a prefix is added to 


convert a small value to a simpler term. See Figure 
3-31. 

A conversion table may be used to change a metric 
quantity to another prefix. For example, to change 
150,000 V to kV, move the decimal point three places 
to the left and add the prefix k (150,000 V = 150 kV). 
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R = move the decimal point to the right 
L = move the decimal point to the left 


Conversions 


Conversions can be performed in all units of measure. 
English and metric measurements are converted from 
one system of measurement to the other by multi- 
plying by the number of units of one system that 
equals one unit of measurement of the other system. 
The number of units is the conversion factor. Con- 
versions are performed by applying the appropriate 
conversion factor. Equivalent tables are used to con- 
vert between measurement systems. See Appendix. 


To convert a metric measurement to an English 
measurement, multiply the measurement by the number 
of English units that equal one of the metric units (con- 
version factor). For example, to convert 50 mm to 
inches, multiply 50 by .039 (50 x .039 = 1.95”). 


To convert an English measurement to a metric 
measurement, multiply the measurement by the 
number of metric units that equals one of the Eng- 
lish units (conversion factor). For example, to con- 
vert 3 mi to kilometers, multiply 3 by 1.609 (3x 
1.609 = 4.827 km). 


Graphs 


A graph is a diagram that shows the continuous rela- 
tionship between two or more variables. Graphs repre- 
sent information in a simple form and are commonly 
used by component manufacturers to illustrate data and 
specifications. On a graph, one known variable is plot- 
ted horizontally and another is plotted vertically. The 
relationship between the two variables is represented 
by a straight or curved line. The point at which either 
variable line intersects the straight or curved line rep- 
resents the value of the unknown variable. 


For example, a graph may be used to illustrate 
the effect of the ambient temperature on the operating 
characteristics of a fuse. Ambient temperature is the 
temperature of the air surrounding a piece of equip- 
ment. As the ambient temperature increases, the 
opening time and capacity rating of the fuse de- 
creases. As the ambient temperature decreases, the 
opening time and capacity rating of the fuse in- 
creases. At 140?F, the opening time of a fuse is 70% 
of the standard rated opening time and the capacity 
is 90% of the standard rated carrying capacity. Like- 
wise, at —40?F, the opening time of the fuse is ap- 
proximately 133% of the standard rated opening time 
and the capacity is approximately 118% of the stand- 
ard rated carrying capacity. See Figure 3-32. 
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Relationships between variables are often given 
in tables. Tables present the relationship between sev- 
eral variables. See Figure 3-33. A table may be con- 
verted to a graph to show the continuous relationship 
between the variables. To convert a table to a graph, 
apply the procedure: 


1. Draw two axes at right angles. 


2. Label the two axes. 

3. Select scales based on the values given. 

4. Plot the given points from the table. 

5. Draw a line or arc to connect the points. 
Ratios 


A ratio 1s the relationship between two quantities or 
terms. Ratios are used in the electrical and electronic 
fields when determining the ratio of the primary 
winding to the secondary winding in a transformer. 
A ratio is the mathematical method of making a com- 
parison. Relation is how much larger or smaller one 
term is in comparison with another term. Terms must 
be changed into common units of measure before a 
comparison can be made. No comparison is possible 
if they cannot be reduced to a common unit. 
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Two terms are known in all ratio calculations. A 
colon (:) is the symbol used to indicate a relation be- 
tween terms. See Figure 3-34. For example, the ratio 
of 8 to 2 is written as the ratio expression 8 : 2. 


RATIOS 


RATIO OF 8 to 2 = of 
SECOND 


FIRST 
TERM 


To find the ratio of two terms, divide the first term 
by the second term. A ratio can be expressed as a 
fraction where the first term is the numerator and 
the second term is the denominator. For example, the 
ratio of 15 to5=15:5=15+5=!%=3. Because a 
ratio may be expressed as a fraction, the numerator 
and denominator of a ratio may be multiplied or di- 
vided by the same number without changing its value. 
For example, a ratio of 20:4 can be reduce to an 
equivalent ratio of 5:1 because 20 and 4 can be 
divided by 4 five times and one time respectively. 


A simple ratio is the ratio between two terms. A 
simple ratio where the first term is smaller than the 
second term is similar to a proper fraction with the 
answer being less than 1. For example, in the ratio 
5:10, the first term (5) is smaller than the second 
term (10) and equals 5 divided by 10, or l5. 


A simple ratio where the first term is larger than 
the second term is similar to an improper fraction 
with the answer being either a whole number or 
mixed number. For example, in the ratio 10:5 the 
first term (10) is larger than the second term (5) and 
equals 10 divided by 5, or 2. 


Proportions 


A proportion is an expression indicating that two ratios 
are equal. For example, the ratio expressions 8 : 4 and 
12 : 6 both have a ratio of 2. All proportions are com- 
posed of two equal ratio expressions. See Figure 3-35. 
An equal sign is used between the two ratio expressions 
to indicate that one expression is equal to the other. 
The equal proportion is written as 8:4 = 12:6. 


PROPORTIONS 


FIRST | SECOND 
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12 
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The ratio to the left of the equal sign is the first 
ratio, and the ratio to the right is the second ratio. 
Each ratio has a first and second term. For example, 
in the proportion 8:4 = 12: 6, the 8 is the first term 
of the first ratio, the 4 is the second term of the first 
ratio, the 12 is the first term of the second ratio, and 
the 6 is the second term of the second ratio. 


Means and Extremes 


Means are the two inner numbers of a proportion. 
Extremes are the two outer numbers of a propor- 
tion. See Figure 3-36. For example, in the propor- 
tion 8:4 = 12:6, the 4 and 12 (two inner numbers) 
are the means. The 8 and 6 (two outer numbers) 
are the extremes. 


MEANS AND EXTREMES 


MEANS 
PROPORTION 


MULTIPLY MEANS ^4 8, — MULTIPLY EXTREMES 
x12 x6 
48 = 48 
nm 2 
PRODUCT OF MEANS 
EQUALS PRODUCT OF EXTREMES 


In any proportion, the product of the means is 
equal to the product of the extremes. For example, 
in the proportion 8:4=12:6, multiply 4 by 12 
(means) (4 x 12 = 48) and multiply 8 by 6 (extremes) 
(8 x 6 = 48). The ratios are equal because the product 
of the means is equal to the product of the extremes. 
No proportion expression is a true proportion unless 
the two ratios are equal. 


Proportions are either direct proportions or in- 
verse proportions. A direct proportion is a state- 
ment of equality between two ratios in which the 
first of four terms divided by the second equals 
the third divided by the fourth. For example, in 
the proportion 8:2= 12:3, both ratios equal 4 
(8+2 = 4 and 12 + 3 = 4). An increase іп one term 
results in a proportional increase in the other re- 
lated term. For example, in the proportion 8:2 = 
12:3, if the 8 is increased, then the 12 must be 
proportionally increased by the same amount to 
keep the proportion equal. See Figure 3-37. 


DIRECT PROPORTIONS 
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Ап inverse proportion is a statement of equality be- 
tween two ratios in which an increase in one quantity 
results in a proportional decrease in the other related 
quantity. For example, in a two-pulley system, if one 
pulley is 10" in diameter and the other is 2" in diame- 
ter, the smaller pulley rotates five times when the 
larger pulley rotates one time (10 + 2 = 5). See Fig- 
ure 3-38. The number of rotations of a pulley is in- 
versely proportional to the diameter of the pulley. If 
the diameter of the small pulley is increased to 5”, 
then it rotates twice as the large pulley rotates once 
(10:5=2:1). The diameter of the small pulley is 
increased and the number of rotations decreased. 
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Applications of proportions are presented as prob- 
lems that give a statement of certain conditions and 
an indication of the required answer. In all proportion 
problems, three of the four numbers, which become 
terms of the two ratios, are given in the statement 
of the problem. 


To solve a proportion problem it must be deter- 
mined if the problem is a direct or inverse proportion, 
then the unknown number is found. For example, if 
a metal joint 16' long requires 80 rivets, how many 
rivets are required for a joint 11' long? 
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To solve the problem, determine which of the 
quantities or numbers is the first term in the first 
ratio, the second term in the first ratio, etc. The first 
two terms in a proportion form a ratio, the last two 
terms form a ratio, and a ratio can only be made of 
numbers with common measures. 


The first ratio in the proportion consists of 16 
and 11 which are in feet. The second ratio must 
also have numbers representing common units of 
measure. The number 80 represents rivets and the 
unknown number also represents rivets. Therefore, 
the 80 and the unknown number form the second 
ratio. See Figure 3-39. 


APPLYING PROPORTIONS 
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PROBLEM: ` CERTAIN CONDITIONS 


If a metal joint 16’ long requires 80 rivets,| how 
many rivets are required for a joint 11' long? 
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To decide where to place the three numbers 
given in any problem, always make the unknown 
number the second term in the second ratio. The 
unknown number is indicated by the lowercase let- 
ter x. The first terms of both ratios are the terms 
that complete a statement. For example, “а metal 
joint 16’ long requires 80 rivets” is a complete state- 
ment, and 16 and 80 are the first terms of the ratios. 
The second term of the first ratio is 11’. Thus, the ratio 
is 16:11 2 80: x because terms with common units 
of measure are compared in ratios. If this were an 


inverse proportion, the second ratio would be inverted 
to get le ile e S0 

In a direct proportion, the second term of the sec- 
ond ratio is an extreme of a proportion. To solve for 
the unknown number, find the missing extreme by 
multiplying 11 and 80 (11 x 80 = 880) and divide 880 
by 16 (880 + 16 = 55). The number of rivets in the 
11’ long joint is 55. 


Compound Proportions 


A compound proportion is a proportion in which 
some terms are products of two variables. A variable 
is a quantity that may change. See Figure 3-40. For 
example, “If five welders fabricate 130 joint assem- 
blies in 12 hours, then 10 welders can fabricate 195 
joint assemblies in 9 hours” is a statement of a com- 
pound proportion. 


COMPOUND PROPORTIONS 
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To simplify the procedure of solving compound 
proportions, each term of the ratios is renamed as 
either a cause or an effect. Every question in any 
proportion, especially in a compound proportion, 
may be considered as a comparison between two 
causes and two effects. 


Causes are actions that produce effects. Effects 
are the results of actions or causes. For example, if 


a carpenter builds a deck, the action of building is 
the cause and the deck is the effect. 

In the statement, “If five welders fabricate 130 
joint assemblies in 12 hr, then 10 welders can fab- 
ricate 195 joint assemblies in 9 hours,” the welders 
(5 and 10) and the time (12 hr and 9 hr) are the 
causes, and the number of joint assemblies (130 and 
195) are the effects. 

To simplify the causes, multiply the related terms. 
The proportion is written (5 x 12): (10x9) = 130: 
195. When using the words causes and effects, the 
proportion (5 x 12) : (10 x 9) = 130 : 195 is written in 
first cause : second cause - first effect : second effect 
form. The 5 x 12 is the first cause, the 10 x9 is the 
second cause, the 130 is the first effect, and the 195 
is the second effect. 

The unknown term (answer required) in a propor- 
tion is the second term of the second ratio. See Figure 
3-41. When solving compound proportion problems, 
the unknown term can be a cause or an effect. 
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If the unknown term is an effect, write the compound 
proportion in first cause : second cause = first effect : 
second effect form. If the unknown term is a cause, 
write the proportion in first effect : second effect — first 
cause : second cause form. In both cases, the unknown 
term is the second term of the second ratio. 
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For example, in the problem "If 18 workers build 
a wall 420' long in 16 days, how many workers can 
build a wall 280' long in eight days?" The “workers” 
and “days” are the causes, and “feet” are the effects. 
The workers build the wall over a number of days, 
and the number of feet the wall is built is an effect, 
or the result of action. The unknown term is the num- 
ber of workers. Effects (feet) form the first ratio, and 
causes (workers and days) form the second ratio. 

To determine the number of workers, the com- 
pound proportion is set up by placing an x as the 
second term of the second ratio. The first term of 
the second ratio must be workers because ratios only 
include common measures. 

The terms of the second ratio must be a product 
of days and workers (16 x 18 and 8 x x) because 
causes are workers and days. Place 420 (feet related 
to the first cause) as the first effect, and 280 (feet 
relatéd to the second cause) as the second effect. 

Calculate the first cause by multiplying 16 (days) 
by 18 (workers) to get 288 (16 x 18 = 288). Calculate 
the second cause by multiplying 8 (days) by x (work- 
ers) to get 8х (8 xx= 8x). Multiply 280 by 288 
(means) to get 80,640. Divide 80,640 by 3360 (known 
extreme) to get 24. Thus, 24 workers are needed to 
build a wall 280' long in eight days. 


Area 


Area is the number of unit squares equal to the surface 
of an object. Area is used in the electrical and electronic 
fields to determine conduit fill and material use. For 
example, a standard size piece of drywall contains 32 
sq ft (4 x 8 = 32 sq ft). Area is expressed in square 
inches, square feet, and other units of measure. A 
square inch measures 1" x 1”. A square foot is a 
measurement that contains 144 sq in. (12" x 12" = 
144 sq in.). The area of any plane figure can be 
determined by applying the proper formula. See 
Figure 3-42. 

Circumference is the boundary of a circle. A circle 
is a plane figure generated about a centerpoint. Di- 
ameter is the distance from circumference to circum- 
ference through the centerpoint of a circle. To 
calculate the circumference of a circle when diameter 
is known, apply the formula: 

C = xD 

where 

C = circumference 

л = 3.1416 

D - diameter 
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CIRCLE 


Example: Calculating Circumference 
What is the circumference of a 1" OD pipe? 
C = nD 

C= 3.1416 x I 

С = 3.1416” 


To calculate the area of a circle when the diameter 
known, apply the formula: 


А = .7854 x р? 
where 
A = area 


.7854 = constant (л + 4) 
D? = diameter squared 


Example: Calculating Area of Circle 


What is the area of a 3" diameter pipe? 
A = .7854 x D? 
APS ee « (3 Xx 3) 


A = .7854 x 9 
A = 7.0686 sq in. 


A square is a four-sided figure with all sides equal 


and four 90° angles. A rectangle is a four-sided figure 


with opposite sides equal and four 90° angles. To 
calculate the area of a square or a rectangle, apply 
the formula: 


A IS 
where 
А = агеа 


—s— 


А= 5х (5 х 10) 
А= 5 х 50 
А = 25 sq іп. 


TRIANGLE 


gei 


| Az-zIxw 
A- 16x22 
| A = 352 sq ft 


RECTANGLE 


l = length 
w = width 


Example: Calculating Area of Rectangle 


What is the area of a 16' x 22' storage room? 


A= ew 
А 6022 
A = 352 sq ft 


A triangle is a three-sided figure with three inte- 


rior angles. To calculate the area of a triangle, apply 
the formula: 


A = bh 

where 

A = area 

l^ = constant (180° + 360° = 1^) 
b = base 

h = height 


Example: Calculating Area of Triangle 


What is the area of a triangle with a 5” base and 


a 10” height? 


А = bh 
A=} х(5х 10) 
А = x50 


A = 25 imn: 
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The altitude (a), diagonal (d), side (s), distance related in that the altitude is 0.866s and the side 


across corners (c), and distance across flats (f) is 1.155a. The area of an equilateral triangle is then 
are related to one another as they are used to find found by applying the constant for the known 
the area (A) of regular polygons. For example, value. A constant is a number with a fixed value. 
the altitude and side of an equilateral triangle are See Figure 3-43. 


CONSTANTS* 


А = 0.43352 


EQUILATERAL TRIANGLE A = 0.433 (3?) 
A = 0.433 (9) 
A = 0.8665 А = 3.897 sq in. 


s= 1.155а 
А = 0.43352 
А = 0.577а? 


А = 0.577а? 

А = 0.577 (32) 

А = 0.577 (9) 

А = 5.193 ѕа іп. 


А = 0.650c? 

А = 0.650 (32) 
REGULAR HEXAGON A = 0.650 (9) 

А = 5.85 sq in. 
с=25 Of (= 1.11550 
ife 1.7325 or Ё=0.866с 2 

_ и А = 0.866 (32) 

s=0.5c ог sz 0.577? А = 0.866 (9) 
A 0.65002 А = 7.794 sq іп. 
А = 0.86672 А = 2.59852 
А = 2.59852 А = 2.598 (32) 

А = 2.598 (9) 

А = 23.382 sq іп. 


А = 0.707с2 

А = 0.707 (32) 
REGULAR OCTAGON A = 0.707 (9) 

A = 6.363 sq in. 


A - 0.828f? 

A = 0.828 (3?) 

A = 0.828 (9) 

A = 7.452 sq in. 


| c22.613s or c= 1.083f 
f=2.414s or f=0.924c 
s=0.383c or s=0.414f 


А = 0.707? 
A = 0.82812 А = 4.82852 
А = 4.82852 А = 4.828 (32) 

А = 4.828 (9) 

А = 43.452 sq in. 
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Math Symbols whether it is used in the USA, France, China, etc. 

The symbol is a graphic representation of a triangle. 
A symbol is a sign that represents an operation, a Math symbols are used to show an operation such 
relationship, or a figure. Symbols are universal in as adding or subtracting; a relationship such as 
that they are not language dependent. For example, greater than or equals; or a figure such as a square 
the symbol for a triangle is shown the same or rectangle. See Figure 3-44. 
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Figure 3-44 


Problem Solving 


An electrical, electronic, fluif power, mechanical, or 
combination system must be correctly designed and 
maintained to operate properly. Basic rules, laws, and 
principles must be applied and followed when design- 
ing a system. These same rules, laws, and principles 
are also applied to keep the system operating. Under- 
standing how to solve a problem requires an under- 
standing of the system, circuits, components, and 
formulas that apply. Formulas must be applied and used 
to solve practical application problems. 


Heating Air Required Power 


Air is heated for general room temperature control 
(heating), oven control (baking and cooking food), and 
material processing (heat shrinking, drying, baking a 
finish, etc.). Stainless steel sheath resistor heating ele- 
ments are commonly used for heating air. The electric 
resistance heating elements produce heat and a circu- 
lating fan is generally used to move air over the heat- 
ing elements. See Figure 4-1. 
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PRINCIPLES AND PRACTICES 


The amount of power required to heat air must be 
determined when selecting the correct heater size. For 
example, an electric heater is required for an applica- 
tion. To select the correct size heater, the temperature 
rise that the heating elements must produce and the 
rate of air flow over the heating elements must be 
known. The higher the required temperature rise and/ 
or the faster the air flow, the larger the required heater 
size. To calculate the required heater size for normal 
air heating applications, apply the formula: 


|. OXIR 
^ 3000 
where 
P, = required power to heat air (in kW) 
Q = air flow rate (in cfm) 
TR = temperature rise (in °F) 
3000 = constant 


Example: Calculating Heating Air Required 
Power 


How many kilowatts of electrical power is required by 
an electric heater to raise the temperature of air by 100° 
with an air flow rate of 300 cfm? 


“23000 
_300хТЕ 

^ 3000 
_ 30,000 

^ 3000 


P, = 10 kW 
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Heating Water Required Power 


Water is heated for cooking, cleaning, processing 
(material separation, etc.), and conversion to steam 
(generating electricity, etc.). Copper sheath resistor 
heating elements are commonly used for heating wa- 
ter. The electric resistance heating elements are 
heated and natural convection occurs (heated water 
rises), or circulating pumps are used to move the 
water over the heating elements. See Figure 4-2. 


HEATER 
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HEATING 
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The amount of power required to heat water must be 
determined when selecting the correct heater size. For 
example, an electric heater is to be used to heat water 
in a tank. To select the correct size heater, the tempera- 
ture rise that the heating element must produce and 
the amount of water to be heated must be determined. 
The higher the required temperature rise and/or the 
more gallons of water, the larger the required heater 
size. Additional power is required if there is a high 
heat loss. To calculate the required heater size for 
normal water heating applications, apply the formula: 

_ GxTR 
" 325x HT 

where 

Р, = required power to heat water (in kW) 

G = amount of water (in gal.) 

TR = temperature rise (in °F) 

325 = constant 

HT = heat-up time (in hr) 


Example: Calculating Heating Water Required 
Power 


How many kilowatts of electrical power is required 
by an electric heater to raise the temperature of 100 
gal. of water in a tank by 100°F in 1 hr? 


_ GXTR 
" 325x HT 
_ 100х100 
3057 
_ 10,000 
ОС 
P, = 30.77 kW 


Heating Oil Required Power 


Oil is heated for cooking (olive oil, soybean oil, corn 
oil, cotton seed oil, etc.), processing fuel oils (motor 
oil, kerosene, etc.), and refining other oils (linseed oil, 
etc.). Steel sheath resistor heating elements are com- 
monly used for heating oil. The electric resistance heat- 
ing elements are heated and natural convection occurs 
(heated oil rises), or circulating pumps are used to move 
the oil over the heating elements. See Figure 4-3. 


HEATER 
SIZE? 


HEATING 
ELEMENT 


The amount of power required to heat oil must be 
determined when selecting the correct heater size. For 
example, an electric heater is required to heat oil in a 
tank. To select the correct size heater, the temperature 
rise that the heating element must produce and the 
amount of oil to be heated are required. The higher the 
required temperature rise and/or the more gallons of 


oil, the larger the required heater size. Additional power 
is required if there is a high heat loss. To calculate the 
required heater size for normal oil heating applications, 
apply the formula: 
_ GXTR 
800x HT 
where 
P, = required power to heat oil (in kW) 
G = amount of oil (in gal.) 
TR = temperature rise (in °F) 
800 = constant 
HT = heat-up time (in hr) 


oO 


Example: Calculating Heating Oil Required 
Power 


How many kilowatts of electrical power is required 
by an electric heater to raise the temperature of 200 
gal. of oil in a tank by 50° in 2 hr? 


_ GxTR 
° 800x HT 2 
_ 200x50 
^  800x2 
р, = 10,000 
1600 
Р, = 6.25 kW 
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Electric Heater Output 


Electric heating elements are rated in wattage for a 
given applied voltage. However, the applied voltage 
is not always the same as the actual voltage. The heat- 
ing element's output is different for any applied volt- 
age other than the rated voltage. For example, the 
heating elements in an electric forced-air heating unit 
produce a different heat output if connected to a volt- 
age supply greater or less than their rated voltage. 
See Figure 4-4. 


The voltage supply to the forced-air heating unit may 
vary because of the difference between the heating 
element's rated voltage and the supply voltage. For 
example, a 220 V rated heating element may be con- 
nected to a 208 V power supply. In such a case, the 
5.45% voltage reduction would result in an 11% heat- 
ing power reduction. The voltage may also be inten- 
tionally varied through a control circuit to control the 
heat output. To calculate the amount of actual power 
(in watts) delivered by an electric heating element 
(heater), apply the formula: 


where 

P, = actual heater wattage delivered (in W) 

Pp = rated heater wattage (in №) 

V4 = voltage applied to heating element (in V) 
Vp = rated voltage of heating element (in V) 
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Example: Calculating Electric Heater Output 


What is the actual heater power output when a 
10,000 W, 480 V heating element is connected to a 
468 V supply? 


2 


Р, = Рр X Va" 
Ур” 
Р, =10,000 x 468° 
“ш ү 
о м 
230,400 


P, = 9500 W (9.5 kW) 


Air Resistance (Aerodynamics) 


Air produces resistance against all moving objects. For 
example, as a car travels, the resistance of the air slows 
the movement of the car. Air resistance must be kept to 
a minimum in some applications. Air resistance is re- 
duced by reducing the frontal area of the moving ob- 
ject and/or reducing the speed of the moving object. 
See Figure 4-5. To determine air resistance, apply the 
formula: 


AR = .0025 x mph? x FA 

where 

AR = resistance of air (in 16) 

.0025 = constant 

mph = speed of object (in mph) 

FA = frontal area of moving object (in sq ft) 


AIR 
RESISTANCE 
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Example: Calculating Air Resistance 


What is the air resistance of a car traveling 55 mph 
and having a frontal area of 76 sq ft? 


AR = .0025 x mph? x FA 
AR 20625 x 55° x 76 
AR = 574.75 lb 


Energy Usage 


The unit of electric power is the watt. The amount of 
energy used by an electric device and the amount 
charged for that use by a power company is expressed 
in watt-hours. Watt-hours is the amount of power be- 
ing used over time. One watt-hour equals one watt used 
in 1 hr. In most power measurements, the kilowatt-hour 
(kWh) is used instead of the watt-hour. One 
kilowatt-hour equals 1000 Wh. See Figure 4-6. To find 
the total amount of energy (in kilowatt-hours) used, 
apply the procedure: 


1. Determine total operating time. 


op-hrx d 

where 

op = operating time (in hr) 
hr = hours 

d = days 


2. Determine total energy used. 


where 

Wr = total energy used (in kWh) 

P = amount of power (in W) 

op = operating time (in hr) 

1000 = constant (to convert W to kW) 
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Example: Calculating Energy Usage 


How much energy (in kWh) is used by a 10,000 W 
electric heater operating 8 hr a day for 30 days? 


1. Determine total operating time. 


op=hrxd 
op =8 x 30 
op = 240 hr 


2. Determine total energy used. 


_ Op 
КАШ: 
_ 10,000 x 240 
T 1000 
_ 2,400,000 
T 1000 
W, = 2400 kWh 


Branch Circuit Voltage Drop 


All conductors (wires) have resistance. The longer a 
conductor is run, the higher the total resistance. The 
higher the resistance, the greater the voltage drop. 
Branch circuit conductors must be sized properly for 
safe equipment operation. Conductors are sized large 
enough to prevent no more than a 396 voltage drop per 
NEC? 210.19(A) at the farthest point. See Figure 4-7. 
To determine the approximate allowable length a con- 
ductor can be run, apply the procedure: 


1. Determine voltage drop. 


VIDI = WO x 396 

where 

VD = voltage drop (in V) 
VC = circuit voltage (in V) 
3% = constant (210.19(A)) 


2. Determine maximum length. 


|. VDxCM 
ШООК 
where 
L = maximum length (in ft) 
VD = voltage drop (in V) 
CM = wire circular mils (from Copper Conductor 
Ratings chart) 
2 — constant 
К = conductor resistivity constant (13 for copper, 
19 for aluminum) 
I = current of load (in A) 


Math Applications 55 


ELECTRICAL 
PANEL 


120 V, 
14 A LOAD 


————À SIZES INCREASE 
—É NUMBERS DECREASE 


105,500 


133,100 


167,800 


56 ELECTRICAL PRINCIPLES AND PRACTICES 


Example: Calculating Conductor Maximum 
Length 

How far can a 120 V, 14 A load be placed from the 
power panel using an AWG #12 Cu conductor? 


1. Determine voltage drop. 


VD = VC x 396 
VD = 120 x .03 
VD =3.6V 
2. Determine maximum length. 
_ VDx CM 
DSI XI 
= 3.6 x 6530 
2 SENS S< ЦИ! 
L- 23,508 
364 
L= 64.6’ 


Conductor Resistance 


Conductors carry current from the power supply to the 
loads. A conductor should have as little resistance as pos- 
sible for the conductor to carry current with a minimal 
power loss. All conductors have resistance. Resistance 
can be reduced by using a good conductor and/or in- 
creasing the size (cross-sectional area) of the conduc- 
tor. For any given conductor, the larger the wire’s 
diameter, the less the resistance. The cross-sectional area 
of round conductors is measured in circular mils (cmil). 
See Figure 4-8. To find the resistance of a conductor, 
apply the formula: 


where 

Rr = total resistance of conductor (in ©) 

L = length of conductor (in ft) 

Rc = resistance of 1000’ of conductor (from Copper 
Conductor Ratings chart) 

1000 = constant (to determine resistance per foot of 
conductor) 


Example: Calculating Conductor Resistance 


What is the total resistance of 250’ of AWG #14 
conductor? 


R 
Ет = LX =£ 
1000 
T o 
1000 


Rr = 250 x .002575 
Ку = .6437 Q 


COPPER CONDUCTOR RATINGS* 


* 60°C temperature rating 
** per 1000’ of copper wire at room temperature (72°F) 
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Asa general rule, a motor develops 3 lb-ft 
of torque per HP at 1800 rpm and 4.5 lb-ft || 
of torque per HP at 1200 rpm. 


Volts Per Hertz (V/Hz) Ratio 


One of the primary advantages of a variable frequency 
drive (VED) is it can be applied to standard 36 induc- 
tion motors. Three-phase induction motors are the stan- 
dard motor used in most industrial applications. A УЕР 
can control the speed of a standard induction motor. 
However, the voltage applied to the stator must be 
boosted when a motor is operating below approximately 
15 Hz. The extra voltage is needed to make up for the 
large power losses all AC motors have at low speed. 
The VFD must be programmed to apply a boost volt- 
age at low motor speeds to compensate for power losses 
at low speeds. The additional boost gives the motor 
more rotor torque at very low speeds. The applied 
motor's V/Hz ratio must be calculated to program the 
boost. The V/Hz ratio is the ratio between the voltage 
applied to the stator and the frequency of the voltage 
applied to the stator of the motor. This calculated value 
is used to program the VFD. See Figure 4-9. To calcu- 
late the V/Hz ratio for an induction motor, apply the 
formula: 


ү 
WHz = i 


where 

V/Hz = volts per hertz ratio 

У = rated motor nameplate voltage (in V) 

Hz - rated motor nameplate frequency (in Hz) 


Example: Calculating V/Hz Ratio 


What is the V/Hz ratio for a motor with a nameplate 
rating of 230 V and 60 Hz? 


FL 
V/Hz = H 
LI 230 
Z= 60 
V/Hz = 3.83 


Note: 3.83 15 the value used to program the УЕР 
boost parameter. 


Moving Object Activating Speed 


Proximity and photoelectric switches are used to de- 
tect moving objects without touching them. Proximity 
and photoelectric switches are used in applications in 
which the object to be detected is excessively light, 
heavy, hot, or untouchable. Proximity and photoelec- 
tric switches have a rated activating frequency which 
is often stated in operations per second (ops). For ex- 
ample, a switch with an ops of 1000 means that the 
switch can detect 1000 objects per second passing by 
it. See Figure 4-10. 


T 


E 
5 
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Strobe tachometers are often used to measure the 
speed of moving objects. Strobe tachometers normally 
display the speed of the moving objects in feet per 
minute (fpm). A strobe tachometer's reading (in fpm) 
must be converted to the proximity or photoelectric 
switch's specified activating frequency (in ops) when 
using a strobe tachometer to determine a proximity or 
photoelectric switch's compatibility to an application. 
To convert fpm to ops, apply the formula: 


npf ху 

60 
where 
ops = operations per second 
npf = objects per foot 
y = object speed (in fpm) 
60 = constant (sec per min) 


Ops — 


Example: Calculating Operations Per Second 


What is the number of operations per second when 
a strobe tachometer measures moving cans at a rate of 
120 fpm when the cans are spaced 6 per foot? 
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npf ху 
ops — 
E UT 

6x120 
ops — 

60 

А 
орѕ= 12 


A proximity or photoelectric switch with a speci- 
fied operating frequency of at least 12 ops (or more) 
may be used. For proper operation and future speed 
changes, a switch with an operating frequency of at 
least 2096 greater should be used. 


Motor Pulley Size 


AC induction motors operate at a constant speed for a 
given frequency and number of poles. However, the 
load's motor drive must often operate at different speeds 
than the motor. For example, a fan motor may operate 
at 1725 rpm, but the blower unit the motor is driving 
may have to operate at 345 rpm. A pulley can be used 
to change the output speed of a motor. See Figure 4-11. 
To calculate the driven machine pulley diameter, ap- 
ply the formula: 


PD, m PD, x Na 
N 

where 

PD,,= driven machine pulley diameter (in in.) 

РР; = drive pulley diameter (in in.) 

№ = motor drive speed (in rpm) 

№ = driven machine speed (in rpm) 


m 
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DRIVE PULLEY 


DRIVEN PULLEY 
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ЕАСТ 
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Example: Calculating Pulley Diameter 


What is the required driven machine pulley diam- 
eter if a motor running at 1725 rpm has a 1" pulley and 
the driven machine is to be operated at 345 rpm? 


РМ 
PD. = d d 
Ni 
1x1725 
PD, = 
345 
1225 
РӘ = F3 
35 
PD, = 5" 


Vertical Conveyor Required Horsepower 


An application's horsepower requirements must be de- 
termined when selecting a motor or motor drive (VFD) 
because motors and drives are horsepower rated. See 
Figure 4-12. For example, a motor is required to lift a 
load vertically in elevator, mining and material han- 
dling applications. The actual horsepower required may 
be higher due to machine friction and other factors. To 
overcome such factors, the calculated horsepower rat- 
ing should be multiplied by a factor of 12596 or more. 
To calculate the amount of horsepower required, ap- 
ply the formula: 
E ДУУ 
~ 33,000 
where 
HP = horsepower required for vertical lift 
Е = force (in 16) 
v = velocity (in fpm) 
33,000 = constant (Ib-ft per minute) 
1.25 = constant (for increased HP) 
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Example: Calculating Vertical Сопуеуог Re- 
quired Horsepower 


What is the motor horsepower required to lift 2200 1b 
vertically at a rate of 75 fpm? 


_ o6y 
~ 33,000 
ир = 2200%75 
33,000 

_ 165,000 

~ 33,000 


Р e S gx 25 
ШР = GU SED 


x125 


105 


5105 


Energy-Efficient Motor Savings 


Electric motors are used to produce work. To produce 
work, motors convert electrical energy (power) into 
rotating mechanical energy. Motors use more electri- 
cal power compared to all other loads (lamps, sole- 
noids, etc.). In most residential, commercial, and 
industrial locations, motors account for more than 
50% of all power used. To reduce energy consump- 
tion, motor manufacturers produce energy-efficient 
motors. Energy-efficient motors cost more, but save 
energy. The more the motor is used, the greater the 
energy saving and the shorter the payback period. See 
Figure 4-13. To determine the payback period of se- 
lecting an energy-efficient motor over a standard 
motor, apply the procedure: 
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1. Calculate power saved. 


Р; = max P s s] 
Eff Eff 
where 
Р; = power saved (in kW) 
.746 = constant (1 HP/1000) 
HP = motor horsepower rating (in HP) 
Eff! = efficiency rating of standard motor (in %) 


Eff? = efficiency rating of energy-efficient motor 
(in %) 


. Determine the amount of money saved per year. 


Dsy = Рух Окуу x Н, 

where 

Dsy = amount saved per year (in $) 
Р; = power saved (in kW) 

D,wj = cost of power per kWh (in $) 


Н, = hours motor operates per year 


. Determine the payback period. 


where 

Pp = payback period (in yr) 

Рр = price difference between standard motor and 
energy-efficient motor (in $) 


Dsy = amount saved per year (in $) 


TYPICAL MOTOR EFFICIENCIES 
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Example: Calculating Motor Payback Period 


What is the payback period when selecting a 25 HP 
energy-efficient motor for an application as compared 
to a standard motor? Note: The motor is operated 40 hr 
per week (2080 hr/yr), the cost of power is $0.085 per 
kWh, and the energy-efficient motor costs $350.00 
more than a standard motor. 


1. Calculate power saved. 


DES | e 
Eff Eff 

me 146x25x( ==] 
88 93 


P= 18.65 x (1.136 — 1.075) 
Р; = 18.65 x .061 
Ps- 1.1376 
2. Determine the amount of money saved per year. 
Dsy= Ps X Dywn X Ay 
Dsy = 1.1376 x .085 x 2080 
Dsy = $201.13 (amount saved by using an 
energy-efficient motor) 


3. Determine the payback period. 


Р, 
Pp = DF 
Dsy 
350 
pce 
F-90108 
Рь = 1.74 yr 


Sizing Fans and Blowers 


Fans and blowers are used in numerous applications, 
such as forced air furnaces, air conditioners, air purifi- 
ers, food warmers, ventilation systems, medical equip- 
ment, air curtains, vending machines, dryers, etc. Fans 
and blowers are driven by electric motors. In any ap- 
plication, the fan or blower must move a required 
amount of air if the system is to operate properly. 

The required air flow rate (Q) is normally given in 
cubic feet per minute (cfm). The major factors that af- 
fect the air flow rate include the blower’s operating 
speed (in rpm), the blower’s impeller diameter (in in.), 
and the blower’s impeller width (in in.). All of these 
factors must be considered because they are all interre- 
lated and affect the unit’s physical size, operating 
sound level, and electrical requirements. 

An increase (or decrease) in air flow rate may be 
achieved without a blower or impeller size change by 


changing the blower operating speed (N). Air flow rate 
varies directly as the speed. See Figure 4-14. To calcu- 
late air flow rate by increasing the blower speed, apply 
the formula: 


where 

О» = desired air flow (in cfm) 

О, = known air flow (in cfm) 

№, = new blower speed (in rpm) 

N, = present blower speed (in rpm) 


IMPELLER 
Н MOTOR 


IMPELLER DIAMETER Y 


OUTLET 


Example: Calculating Air Flow Rate-Increasing 
Speed 


How much air does a blower deliver if the operating 
speed is increased to 1800 rpm if the blower is rated to 
deliver 250 cfm when operating at 1200 rpm? 


№ 
== х —— 
Q = 0 N, 
1800 
= 250 x — 
Q2 1200 
Or =250 51.5 
Q- = 375 cfm 


Although increasing speed increases air flow, nor- 
mally an increase in speed also increases the operat- 
ing sound level. To reduce the sound level, the speed 
can be reduced and the impeller size increased. How- 
ever, the slower the speed and larger the impeller 
size, the larger the total housing space required. The 
impeller diameter may be increased if additional air 
flow is required. Air flow rate varies directly with 
the cube of the blower impeller diameter. To calcu- 
late air flow rate by increasing the blower diameter, 
apply the formula: 


where 

О» = desired air flow (in cfm) 

О, = known air flow (in cfm) 

D; = new blower diameter (in in.) 

D, = present blower diameter (in in.) 


i RR DONOR PNA 


| 4 - 1 
| ТЕСН Harmonics may cause noise in a motor and | | 
TIP the blower may amplify the noise. Check for ||. 
| harmonics on the power lines feeding the то- 
tor when experiencing noise problems. 
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Example: Calculating Air Flow Rate-Increasing 
Diameter 


How much air flow is produced by a blower with a 
6” diameter impeller if a blower with a 3” diameter 
impeller produces 250 cfm? , 


3 
D> 
= 0) | —= 
О» = О, E | 
3 
О, = 250 ® 
3 
Оз = 250х 25 
Q- = 250 х 8 
О, = 2000 cfm 


Although increasing the diameter of the blower іп- 
creases air flow, increasing the diameter also requires 
more power to drive the larger diameter impeller. Air 
flow may also be increased by increasing the width of 
the impeller. Air flow rate varies directly with the width 
of the impeller. To calculate air flow rate by increas- 
ing the blower impeller width, apply the formula: 


where 

О, = desired air flow (in cfm) 

Q, = known air flow (in cfm) 

W, = new impeller width (in in.) 

W, = present impeller width (in in.) 


Example: Calculating Air Flow Rate-Increasing 
Width 


How much air flow is delivered by a 12" wide blower 
when a 6" wide blower delivers 250 cfm? 
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Ww, 

= х — 
Q =Q, Т 
12 

= 250 х — 
О» 6 
О =250 х2 
О, = 500 cfm 


Motor Operation at 50 Hz 


A motor may be operated at different frequencies as 
long as the motor can produce enough torque to drive 
the load and there is enough air flow over the motor to 
prevent overheating the motor windings. Operating a 
motor at different frequencies is normally the result 
of using a VFD or operating a 60 Hz rated motor on a 
50 Hz power supply or a 50 Hz rated motor on a 60 Hz 
power supply. 


Follow the VFD manufacturer’s recommendations 
for programming the VFD to match the motor specifi- 
cations. Operating a motor at 50 Hz reduces the speed 
of the motor by 20%. See Figure 4-15. Reducing the 
speed of the motor may reduce the air flow output if 
the motor is connected to a fan or blower. To calculate 
the operating speed of a 60 Hz rated motor when pow- 
ered by a 50 Hz power supply, apply the formula: 


$50 = S60 x.8 
where 


$59 — motor speed when 60 Hz rated motor is 
operated on 50 Hz power (in rpm) 


$60 = motor speed when 60 Hz rated motor is 
operated on 60 Hz (in rpm) 


‚8 = constant (for 20% reduction in speed) 


Example: Calculating Motor Speed-60 Hz Motor 
Operated on 50 Hz 


What is the operating speed of a 1740 rpm, 60 Hz rated 
motor powered by a 50 Hz power supply? 

950 = S60 x .8 

550 = 1740 x .8 

$59 = 1392 rpm 

A 50 Hz rated motor operates at a 20% increase in 
speed when operated on 60 Hz power. To calculate the 


operating speed of a 50 Hz rated motor when operated 
by a 60 Hz power supply, apply the formula: 
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$60 = $50 2S 2 


where 


560 = motor speed when 50 Hz rated motor is 
operated on 60 Hz power (in rpm) 


$59 = motor speed when 50 Hz rated motor is 
operated on 50 Hz power (in rpm) 


1.2 = constant (for 20% increase in speed) 


MOTOR FREQUENCY VARIATIONS 


OPERATING SPEED 
REDUCED BY 20% 


OPERATING SPEED 
INCREASED BY 20% 


Example: Calculating Motor Speed-50 Hz Motor 
Operated on 60 Hz 


What is the operating speed of a 1740 rpm, 50 Hz 
rated motor powered by a 60 Hz power supply? 

960 = $59 x 1.2 

Seo = 1740 x 1.2 

Seq = 2088 rpm 


KETTE ATIS 


1 
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Amplifier and Speaker Resistance 


Amplifiers and speakers have impedance. Impedance 
(Z) is the total opposition of any combination of resis- 
tance, inductive reactance, or capacitive reactance of- 
fered to the flow of alternating current. Impedance is 
measured in ohms (€2). Most speakers are 8 О but 
smaller speakers are usually 4 Q, and some larger 
speakers are 16 О. Most amplifiers are designed for 
connection to an 8 Q speaker or speakers connected so 
their total resistance is 8 О. In addition to an 8 Q speaker 
connection, some amplifiers may include a 4 О or 16 Q 
speaker connection. When connecting speakers to 
amplifiers, the speakers may be connected in parallel 
or series. А parallel connection has two or more com- 
ponents connected so that there is more than one path 
for current flow. A series connection has two or more 
components connected so there is only one path for 
current flow. See Figure 4-16. 


When two speakers are connected in parallel, their 
total resistance decreases. To бпа the total resistance of 
two speakers connected in parallel, apply the formula: 
а (К, х R5) 

(Ri + R5) 
where: 


T 


Кт = total speaker resistance (in ©) 
R; = resistance of speaker 1 (in Q) 
R, = resistance of speaker 2 (in Q) 
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Example: Calculating Total Resistance of Speak- 
ers Connected in Parallel 


What is the total resistance of two 8 Q speakers con- 
nected in parallel? 


(Rix Ry) 
(А, + Rp) 

_ (8х8) 

© (848) 

_ 64 

NC 


Rr = АО 


When two speakers are connected in series, their 
total resistance increases. To find the total resistance 
of two speakers connected in series, apply the formula: 

Rr= R+ Rp 

where: 

Rr = total speaker resistance (in Q) 

Ку = resistance of speaker 1 (in Q) 

К, = resistance of speaker 2 (in Q) 


T 


P 


Example: Calculating Total Resistance of Speak- 
ers Connected in Series 


What is the total resistance of two 8 Q speakers con- 
nected in series? 

Rr= R; ar К, 

Rr=8+8 

Rr=16 Q 


E. Fix Fio 
FHr- RR. 


PARALLEL PARALLEL 


SPEAKER CONNECTION 


Нт=В,+ R, 


SERIES SERIES 


SPEAKER CONNECTION 
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Surge Protectors 


Computers, video and audio equipment, most electronic 
equipment, and small appliances are extremely sensitive 
to damaging voltage surges and spikes. Surge protectors 
are electrical devices that continuously monitor incom- 
ing power and automatically clamp any excess voltage 
that could cause damage. Surge protectors are rated for 
the maximum voltage for which they are designed. An 
understanding of peak and rms voltage is necessary be- 
cause surge protector voltage ratings are listed as peak 
values, not as rms values. See Figure 4-17. 


To convert an rms voltage (Vpys) to peak voltage 
(Vp), multiply the rms voltage by 1.414. To convert a 
peak voltage to an rms voltage, multiply the peak volt- 
age by .707. For example, what is the normal peak volt- 
age of a standard 120 VAC receptacle outlet? 


Vp = Vrms x 1.414 
Vp = 120 x 1.414 
Vp = 169.68 (170 VAC) 


The normal peak voltage of a standard 120 VAC re- 
ceptacle is 170 VAC. When selecting a surge protec- 
tor, look for the lowest limiting peak voltage rating. 


SURGE PROTECTOR 


TYPICAL SURGE PROTECTOR RATINGS 


H-N 600 V H-N 400 V 
H-G 600 V H-G 400 V 
N-G 600 V N-G 400 V 


H = hot conductor (usually black wire) 
N = neutral conductor (usually white wire) 
G = ground conductor (green or bare conductor) 


Figure 4-17 
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Decimal Numbering System 


A decimal is a number expressed in base 10. The deci- 
mal numbering system is the most commonly used 
numbering system. The 10 digits used in the decimal 
numbering system are 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. 

Each digit in a decimal number occupies a position 
that has a certain weight. The position farthest to the 
right has the least weight and the position farthest to 
the left has the most weight. The position weights are 
1, 10, 100, 1000, etc. 

Prefixes and exponents may be used to simplify the 
expression of large decimal numbers. For example, 
1000 may be expressed as 1 k or 10° and 1,000,000 
may be expressed as 1 M or 106, See Figure 5-1. 


1k = 1000 
10k = 10,000 
100 k = 100,000 
1M = 1,000,000 
10 M = 10,000,000 
DECIMAL 100 M = 100,000,000 
NUMBER 


To evaluate the decimal number 17,684, the digit 
in each position is multiplied by the appropriate 
weighted factor. Thus, the number 17,684 represents 
] ten-thousand, 7 thousands, 6 hundreds, 8 tens, and 
4 ones. To evaluate the decimal number 527.231, the 
digit in each position is multiplied by the appropriate 
weighted factor. Thus, the number 527.231 represents 
5 hundreds, 2 tens, 7 ones, 2 tenths, 3 hundredths, 
and 1 thousandths. See Figure 5-2. 


The United States monetary system is based 
on the decimal numbering system. 


PREFIXES 


.001 


100Н = .0001 
10р = .00001 
1p = .000001 


EXPONENT 


POSITIVE 
POWERS OF 10 


10 x 10 x 10 21000 (1k) 
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NEGATIVE 
POWERS OF 10 


ОСЕТЕ OS oll Se a 


.000001(1 р) 


DECIMAL NUMBERING SYSTEM 
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Binary Numbering System 


The binary numbering system is a base two numbering 
system that uses only two digits, О and 1. There are 
no 2s, 3s, 4s, etc. Digital electronic systems use the 
binary numbering system because it uses the digits 0 
and 1, which are used to represent the two physical 
states that most electrical elements have (ON/OFF, 
open/closed, etc.). Electronic systems process informa- 
tion quickly because they can manipulate millions of 
Os and Is per second. See Figure 5-3. 


DECIMAL 
NUMBER 


POWERS OF 2 
2x2x2=8 


2x2x2x2x2x2-64 


BINARY NUMBERING SYSTEM 
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Do not reverse the least significant bit and | 
most significant bit when converting decimal || 
numbers to binary numbers. 
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DECIMAL NUMBER EXPRESSION 


— 1 x 104= 1 x 10,000 = 10,000 
х 10°= 7 х 1000 = 7000 
х 102= 6 х 100 = 600 
x 10'= 8 x 10 - 80 
x 1092 4 x 1 = 4 


10? 2 1 x .001 = .001 
=з х 01 = 03 
Ose ql = ‚2 
| 7x1 = 7 
,72x10 = 20 
102 = 5 x 100 = 500 
527.231 


A bit is each digit (0 or 1) of a binary number. 
The binary number 11 (decimal number 3) has 2 bits, 
binary number 101 (decimal number 5) has 3 bits, 
and 10000001 (decimal number 129) has 8 bits. A 
nibble is a group of 4 bits (1001, 0011, etc.). А byte 
is a group of 8 bits (10001101, etc.). A word is a 
group of one or more bytes (1111000011110000, 
etc.). See Figure 5-4. 


MOST LEAST 
14 SIGNIFICANT BITS SIGNIFICANT 
BIT BIT 
ТРО 01 100 0% 
———— 
NIBBLE 
= | cal 
BYTE BYTE 
WORD 
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Binary-to-Decimal Conversion 


To convert a binary number to a decimal number, 
write the decimal value of each position where a 1 
occurs in the binary number. Leave a blank space 
for each 0 in the binary number. Multiply each 1 by 
the weight for the position where it occurs. Add all 
the numbers to determine the decimal equivalent. See 
Figure 5-5. 


Example: Binary-to-Decimal Conversion 

What is the decimal number equivalent to the 
binary number 10001111? 

А 1 occurs in positions weighted 1, 2, 4, 8, and 
128 in the binary number 10001111. Adding these 
values equals 143. The decimal number equivalent 
to the binary number 10001111 is 143. 


BINARY 


NUMBER 
"КЕШ 14 
| 
2 


| | DECIMAL VALUE 


і 


| 
128 + 8+44+2+1=143 
DECIMAL VALUE OF js DECIMAL 


POSITION 3 NUMBER 
EQUIVALENT 


i OF POSITION 1 
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Decimal-to-Binary Conversion 


To convert a decimal number to a binary number, 
the decimal number is divided by 2 in repetitive steps. 
A 1 is recorded if there is a remainder after each 
step. A 0 is recorded if there is no remainder after 
each step. The division process is repeated until the 
quotient is 0. See Figure 5-6. 


Example: Decimal-to-Binary Conversion 


What is the binary number equivalent to the decimal 
number 50? 


The decimal number 50 is divided by 2 a total of 
six times. There is a remainder of 1 after dividing 
50 by 2 the second, fifth, and sixth times. These val- 
ues represent the weighted positions 2, 16, and 32. 
Each of these positions receive a binary number 1. 


There is a remainder of 0 after dividing 50 by 2 the 
first, third, and fourth times. These values represent the 
weighted positions 1, 4, and 8. Each of these positions 
receive a binary number 0. These values are combined 
starting at the most significant bit (32) through the least 
significant bit (1). The binary number equivalent to the 
decimal number 50 is 110010. 
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DECIMAL LEAST 
NUMBER EH SIGNIFICANT 
+2 BIT ^ 
QUOTIENT —725 ------ — REMAINDER = 
+2 
2a — REMAINDER = 
+? 
6 ------ — REMAINDER = 
+2 
3З -—--- — REMAINDER = 
+2 
1 =- — REMAINDER = 
+2 
BINARY » 
NUMBER 0 ------— REMAINDER = 
E 10010 MOST 
L LT SIGNIFICANT 
і eu BIT 
32416 + DEUM 5 
DECIMAL 
NUMBER 
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Octal Numbering System 


The octal numbering system 1s a base eight number- 
ing system that uses only digits 0, 1, 2, 3, 4, 5, 6, 
and 7. The octal number system is used to process 
large numbers by digital circuits and to simplify the 
expression of binary numbers. The octal numbering 
system uses the same basic principle as the decimal 
and binary numbering systems. Like the decimal and 
binary numbering systems, each number occupies a 
position that has a certain weight. The position 
weights are 1, 8, 64, 512, 4096, 32,768, 262,144, 
ete, see Figure 3-7. 


POWERS OF 8 


DECIMAL 
NUMBER 


8x8=64 
8x8x8x8- 4096 
OCTAL NUMBERING SYSTEM 
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Octal-to-Decimal Conversion 


To convert an octal number to a decimal number, each 
position where a number occurs in the octal number is 
multiplied by the weight for the position. Leave a blank 
space for each 0 in the octal number. Add all the 
values to determine the decimal equivalent number. 
See Figure 5-8. 


Example: Octal-to-Decimal Conversion 


What is the decimal number equivalent of the octal 
number 114? 


А 1 occurs in positions weighted 64 and 8 in the 
octal number 114. A 4 occurs in the position weighted 
1 in the octal number 114. The two number Is are 
multiplied by 64 and 8. The number 4 is multiplied 
by 1. Adding the products equals 76. The decimal 
number equivalent to the octal number 114 is 76. 


OCTAL NUMBER A 1 4 
"a DE 
p M E DECIMAL 
i i | NUMBER 
64 + 8 + 4 276 EQUIVALENT 


OCTAL-TO-DECIMAL CONVERSION 
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Decimal-to-Octal Conversion 


To convert a decimal number to an octal number, the 
decimal number is divided by 8 in repetitive steps. 
Any remainder is recorded. This process is repeated 
until the quotient is 0. See Figure 5-9. 


Example: Decimal-to-Octal Conversion 


What is the octal number equivalent of the decimal 
number 180? 


The decimal number 180 is divided by 8 a total 
of three times. There are remainders of 4, 6, and 2. 
These values represent the weighted positions 1, 8, 
and 16. These values are combined starting at the 
most significant bit (16) through the least significant 
bit (1). The octal number equivalent to the decimal 
number 180 is 264. 
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NUMBER 
во 


+ 8 
ЧСИ — — REMAINDER = 1s 
+8 | 
A = — REMAINDER = mn 8s 
OCTAL +8 2 


LEAST 
SIGNIFICANT 
BIT 


NUMBER 
xm О =: — REMAINDER- | 2 | 16s 


6 MOST 
' 4x8? SIGNIFICANT 
M BIT 


2x8 | | DECIMAL 
ЕЕ NUMBER 
128 + 48 + 42180 
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Hexadecimal Numbering System 


The hexadecimal numbering system is a base 16 num- 
bering system that uses digits O, 1, 2, 3, 4, 5, 6, 7, 
8, 9, and the first six letters of the alphabet, A, B, 
C, D, E, and F. The letters A through F are used to 
denote the digits 10 through 15 respectively. Like 
the octal numbering system, the hexadecimal num- 
bering system is used by digital circuits to process 
large numbers and simplify the expression of binary 
numbers. Just as in the decimal, binary, and octal 
numbering systems, each number occupies a position 
that has a certain weight. The position weights are 
1, 16, 256; 4096, 65,536, etc. See Figure 5-10: 


DECIMAL 
wa NUMBER 


POWERS OF 16 
16x 16=256 


16x 16x 16x 16 265,536 


HEXADECIMAL NUMBERING SYSTEM 


Hexadecimal-to-Decimal Conversion 


To convert a hexadecimal number to a decimal num- 
ber, each position where a number occurs in the hexa- 
decimal number is multiplied by the weight for the 
position where they occur. Letters A through F are 
converted to the digits 10 through 15 respectively 
and multiplied by the weight for the position where 
they occur. Add all the values to determine the deci- 
mal equivalent number. See Figure 5-11. 


Example: Hexadecimal-to-Decimal Conversion 


What is the decimal number equivalent of the hexa- 
decimal number F3? 

An F occurs in the position weighted 16, and a 3 
occurs in the position weighted 1 in the hexadecimal 
number F3. The letter F represents 15 in the hexa- 
decimal numbering system. The number 15 is mul- 
tiplied by 16 and the number 3 is multiplied by 1. 
Adding the products equals 243. The decimal number 
equivalent to the hexadecimal umber ЕЗ is 243. 


HEXADECIMAL 


NUMBER 
з 


3 x 16? 


15 x 16! 
; DECIMAL 
i { NUMBER 
240 + 3-243 EQUIVALENT 


HEXADECIMAL-TO-DECIMAL CONVERSION 


Decimal-to-Hexadecimal Conversion 


To convert a decimal number to a hexadecimal num- 
ber, the decimal number is divided by 16 in repetitive 
steps. Any remainder is recorded. This process is re- 
peated until the quotient is 0. In the hexadecimal num- 
bering system, A = 10, B = 11, etc. See Figure 5-12. 


Example: Decimal-to-Hexadecimal Conversion 


What is the hexadecimal number equivalent of the 
decimal number 213? 
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The decimal number 213 is divided by 16 twice. 
There are remainders of 5 and 13. The number 13 
is equivalent to the hexadecimal letter D. These val- 
ues represent the weighted positions 1 and 16. These 
values are combined starting at the most significant 
bit (16) through the least significant bit (1). The hexa- 
decimal number equivalent to the decimal number 
2190s 05: 


DECIMAL LEAST 
NUMBER SIGNIFICANT 
QUOTIENT ——— 
к ---- REMAINDER = 
+16 


0 ----— REMAINDER = 


HEXADECIMAL 
NUMBER MOST 


EQUIVALENT x SIGNIFICANT 
5 BIT 


13х16! 5x16° 
DECIMAL 


i NUMBER 


i 
208 + 5 = 213 
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Binary Coded Decimal (BCD) System 


The binary coded decimal (BCD) system is a coding 
system that represents each digit from 0 through 9 as 
a four-bit binary number. For example, the decimal 
number 103 has the digits 1, 0, and 3. Converting each 
digit to binary gives the BCD number 0001-0000-0011. 
The space between each group of digits is important 
when displaying BCD numbers. BCD is used to provide 
a means of converting a numbering system easily han- 
dled by people (decimal) to a code easily handled by 
machines (binary). A BCD number is easier to read 
than the identical binary number because of the spacing 
between each four-bit group. See Appendix. 


Ti he analog signal of music is converted to | 
a digital format and stored on a CD. А CD į 
player converts the digital signal back to an 
analog signal and sends it to the speakers. 
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BCD-to-Decimal Conversion 


To convert a BCD number to a decimal number, write 
the decimal value of each eight-bit group. Continue 
writing the decimal equivalent of each group of eight 
bits until there are no more numbers. Combine these 
values to obtain the decimal number equivalent. See 
Figure 5-13. 


Example: BCD-to-Decimal Conversion 


What is the decimal number equivalent of the BCD 
number 0000 0100 0000 0101 0000 0110? 


The decimal number equivalent of the eight-bit 
set 0000 0100 equals 4. The decimal number equiva- 
lent of the eight-bit set 0000 0101 equals 5. The deci- 
mal number equivalent of the eight-bit set 0000 0110 
equals 6. Combining these values equals 456. The 
decimal number equivalent of the BCD number 0000 
0100 0000 0101 0000 0110 is 456. 


DECIMAL 


BCD 
NUMBER ^, NUMBER 


е EQUIVALENT 
00000100 00000101 0000 0110 
—— = — —— 
DECIMAL 5 6 = 456 
VALUE OF 


BCD GROUP 
BCD-TO-DECIMAL CONVERSION 


ме 543 | 


Decimal-to-BCD Conversion 


To convert a decimal number to a BCD number, 
write the BCD value of each decimal number. Con- 
tinue writing the BCD equivalent of each decimal 
number until there are no more numbers. Combine 
these values to obtain the BCD number equivalent. 
See Figure 5-14. 


Example: Decimal-to-BCD Conversion 


,What is the BCD number equivalent of the deci- 
mal number 789? 


The BCD number equivalent of 7 equals 0000 
0111. The BCD number equivalent of 8 equals 0000 
1000. The BCD number equivalent of 9 equals 0000 
1001. The BCD number equivalent of 789 equals 
0000 0111 0000 1000 0000 1001. See Appendix. 


pecimaL «789 
NUMBER ~ 
7 8 9 
BCD NUMBER 
ICD NUMBER — "00000111" 00001000 0000 1001 


(FROM CHART) 4 
00001110000100000001001 
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Gray Code 


As many as four digits could change for a single count 
when using the binary numbering system. For example, 
0111 (decimal number 7) changes all four bits at the 
next larger number 1000 (decimal number 8). This may 
cause problems when using the binary numbering 
system to input data on fast moving machines. The 
Gray code is used to solve this problem. In the Gray 
code, only one digit changes for each count from 
one number to the next. See Figure 5-15. 


FOUR-BIT GRAY CODE 


The Gray code is used in such applications as in- 
dicating the angular position of a shaft on an auto- 
mated machine. In the Gray code shaft application, 
only one digit changes for each 1% increment of shaft. 
A shaft divided into 16 increments could be used if 
higher accuracy is required. Gray code numbers from 
О through 15 are used on a shaft divided into 16 
increments. See Figure 5-16. 


DECIMAL 0 
EQUIVALENT NUMBER IV —- 
|2 


LIGHT AREA DETECTED 
BY A PHOTOCELL m. 
IN EACH COLUMN 


GRAY CODE 


Resistor Color Codes ~ 


Resistors are devices that limit the current flowing 
in an electronic circuit. Small resistors use color 
bands to represent their resistance value. The first 
two color bands represent the first two digits in the 
value of the resistor. The third color band (multiplier) 
indicates the number of zeros that must be added to 
the first two digits. The fourth band (tolerance) in- 
dicates how far the actual measured value can be 
from the coded value. See Figure 5-17. 


RESISTOR COLOR CODES 


Black (BK) 
Brown (BR) 
Red (R) 
Orange (O) 
Yellow (Y) 
Green (G) 
Blue (BL) 
Violet (V) 
Gray (GY) 
White (W) 


1,000,000 


10,000,000 


Silver (Ag) 


0 
BAND 3 
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Example: Determining Resistance 

What is the resistance of a resistor that has red, 
black, orange, and silver colored bands? 

A resistor with a red, black, orange, and silver col- 
ored band has a resistance value of 20,000 О (20 КО) 
+10%. See Figure 5-18. 


TOLERANCE 
(SILVER = 10%) 


MULTIPLIER 


(ORANGE - 1000) 
SECOND DIGIT 
(BLACK - 0) 
FIRST DIGIT 


(RED - 2) 
E x 1000 +10% 


20,0000 * 10% 


—1 


| TECH Measure the value of old or dark resistors. | 
TIP The value of an old resistor may exceed its | 
rated tolerance because normal resistor heat- | 

ing may change the value of the resistor. | 
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Capacitor Color Codes 


Capacitors are color-coded to indicate their capaci- 
tance value. Capacitor color codes are standardized 
by the Electronic Industries Association (EIA). The 
color-coded capacitance value is always in picofarad 
(pF) units. The colors used are the same as those 
used for resistors. 


Mica capacitors normally use a six-dot system. See 
Figure 5-19. The six-dot system is read starting from 
the top row from left to right and then the bottom row 
from right to left. A white or silver first dot indicates 
the new EIA coding. The first dot may also be black 
for a joint Army-Navy (JAN) code. In both cases, 
the capacitance value is read from the second, third, 
and fourth dots. Dot five specifies tolerance and dot 
six gives the EIA classification. Seven classes (from 
A to G) specify temperature coefficient, leakage resis- 
tance, and additional variable factors. See Figure 5-20. 


Example: Determining Capacitance – Mica 
Capacitors 

What is the capacitance if the colors on a mica 
capacitor are violet, red, and brown for dots two, 
three, and four? 
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The capacitance of a capacitor with a color code 
of violet, red, and brown for dots two, three, and 
four is 720 pF. Ceramic capacitors have stripes or 
dots with three or five colors. They may be tubular 
with axial leads or disc-shaped with radial leads. See 
Figure 5-21. 

For tubular ceramic capacitors, the wide color 
band specifying temperature coefficient indicates the 
left end. The last color indicates the tolerance. The 
middle three colors give the picofarad capacitance 
value. For example, a ceramic capacitor with second, 
third, and fourth bands of brown, black, and brown 
indicates a 100 pF capacitor. 

Gray and white are used as decimal multipliers 

· for very small value capacitors. Gray indicates a mul- 
tiplier of 0.01 and white indicates a multiplier of 
0.1. For example, a ceramic capacitor with second, 
third, and fourth bands of green, black, and white 


indicates a 5 pF capacitor (50 x 0.1 = 5 pF). 


MICA CAPACITOR COLOR CODES 


Number Multiplier 1 7 


1000 
10,000 
100,000 
1,000,000 
10,000,000 
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CERAMIC CAPACITOR COLOR CODES 


WHITE (EIA) FIRST DIGIT 


BLACK (JAN) | = | - a ] 
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> o> 2 | | 


< < < 
а MULTIPLIER 


CLASSIFICATION TOLERANCE 
MICA 
Figure 5-19 
RED 
VIOLET 
WHITE uN E 
[pe] [шише] 
"NN 
SECOND 
BROWN TEMPERATURE DIGIT 
(FIRST DOT) WHITE - EIA STANDARD COEFFICIENT 
(SECOND DOT) VIOLET - 7 FIRST FIRST 
(THIRD DOT) RED - 2 DIGIT DIGIT 


(MULTIPLIER) BROWN = 10 
SECOND 


72 x 10 = 720 pF DIGIT 
Figure 5-20 MULTIPLIER 
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TOLERANCE 


When converting an octal number to a deci- 
mal number, it is easier to convert the octal © TUBULAR DISC 
number to a binary number first and then con- 

vert the binary number to the decimal number. !! 


x? 


Energy 


P 
Energy is the capacity to do work. The two forms 
of energy are potential energy and kinetic energy. 
Potential energy is stored energy a body has due to 
its position, chemical state, or condition. For exam- 
ple, water behind a dam has potential energy because 
of the position of the water. А compressed spring 
has potential energy because of its condition. Gaso- 
line has potential energy based on its chemical state. 
See Figure 6-1. 


Kinetic energy is the energy of motion. Examples 
of kinetic energy include falling water, a released 
spring, a speeding automobile, etc. Kinetic energy is 
released potential energy. Energy released when 
water falls through a dam is used to generate elec- 
tricity for residential, commercial, and industrial use. 
Energy released by a compressed spring is used to 
apply a braking force on a motor shaft. Energy re- 
leased by the burning of gasoline is used to propel 
a vehicle forward and drive the alternator that pro- 
duces the electrical power. 


The major sources of energy are coal, oil, gas, 
wood, and nuclear power. Solar, wind, water, and 
thermal sources also provide energy. These energy 
forms are used to produce work when converted to 
electricity, steam, heat, and mechanical force. Some 
energy sources, such as coal, oil, and gas, cannot be 
replaced. They are consumed when used. Other en- 
ergy sources, such as solar power, wind, and water, 
are not consumed when used. 
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Electricity is produced by converting potential en- 
ergy directly or indirectly into electricity. Solar cells 
convert solar power directly into electricity. The vast 
majority of all electricity is produced by converting 
potential energy into some type of force that turns a 
generator. The major forms of energy used to produce 
electricity through a generator include fossil fuels (coal, 
natural gas, and oil), nuclear power, and hydroelectric 
power. 


| e | T he United States has approximately 25% of 

| the world's supply of uranium—the major ele- 
ment used in nuclear fission. 

Voltage 


All electrical circuits must have a source of power 
to produce work. The source of power used depends 
on the application and the amount of power required. 
АП sources of power produce a set voltage level or 
voltage range. 


Voltage (E) is the amount of electrical pressure in 
a circuit. Voltage is measured in volts (V). Voltage 
is also known as electromotive force (EMF) or po- 
tential difference. Voltage may be produced by elec- 
tromagnetism (generators), chemicals (batteries), 
light (photocells), heat (thermocouples), pressure 
(piezoelectricity), or friction (static electricity). See 
Figure 6-2. 
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Voltage is produced any time there is an excess 
of electrons at one terminal of a voltage source and 
a deficiency of electrons at the other terminal. The 
greater the difference in electrons between the ter- 
minals, the higher the voltage. 

The amount of voltage in a circuit depends on the 
application. For example, powering a flashlight re- 
quires a low voltage level. However, producing a pic- 
ture on a TV screen requires an extremely high 
voltage level. See Figure 6-3. 


COMMON VOLTAGE LEVELS 


Golf cart 
Refrigerator, TV, VCR 


Voltage Types 


Voltage is either direct (DC) or alternating (AC). DC 
voltage is voltage that flows in one direction only. 
AC voltage is voltage that reverses its direction of 
flow at regular intervals. DC voltage is used in almost 
all portable equipment (automobiles, golf carts, flash- 
lights, cameras, etc.). AC voltage is used in residen- 
tial, commercial, and industrial lighting and power 
distribution systems. 


DC Voltage 


АП DC voltage sources have a positive and a negative 
terminal. The positive and negative terminals estab- 
lish polarity in a circuit. Polarity is the positive (+) 
or negative (—) state of an object. All points in a DC 
circuit have polarity. The most common power 
sources that directly produce DC voltage are batteries 
and photocells. See Figure 6-4. 


In addition to obtaining DC voltage directly from 
batteries and photocells, DC voltage is also obtained 
from a rectified AC voltage supply. DC voltage is 
obtained any time an AC voltage is passed through 
a rectifier. A rectifier is a device that converts AC 
voltage to DC voltage by allowing the voltage and 
current to move in only one direction. DC voltage 
obtained from a rectified AC voltage supply varies 
from almost pure DC voltage to half-wave DC volt- 
age. Common DC voltage levels include 1.5 V, 3 V, 
6 V, 9 V, 12V; 24 М 36 VID Vo 2520 учоо VS 
1200 V, 1500 V, and 3000 V. See Figure 6-5. 
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AC Voltage 


AC voltage is the most common type of voltage used 
to produce work. AC voltage is produced by generators 
which produce AC sine waves as they rotate. An AC 
sine wave is a symmetrical waveform that contains 360 
electrical degrees. The wave reaches its peak positive 
value at 90°, returns to 0 V at 180°, increases to its peak 
negative value at 270°, and returns to 0 V at 360°. 


А cycle is one complete positive and negative al- 
ternation of a wave form. An alternation is half of 
a cycle. A sine wave has one positive alternation and 
one negative alternation per cycle. See Figure 6-6. 


AC voltage is either single-phase (16) or three- 
phase (3). Single-phase AC voltage contains only 
one alternating voltage waveform. Three-phase AC 
voltage is a combination of three alternating voltage 
waveforms, each displaced 120 electrical degrees 
(one-third of a cycle) apart. Three-phase voltage is 
produced when three coils are simultaneously rotated 
in a generator. 


Li 


Basic Quantities 77 


DC VOLTAGE 


PURE DC 
VOLTAGE 


VARYING DC 
VOLTAGE 


FULL-WAVE DC 
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HALF-WAVE DC 
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O oeme tee | 


Toys, automobiles, trucks 6, 9, 12, 24, 36 


Printing presses, small 
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electric railway systems 


Large electric railway systems 1200, 1500, 3000 
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1€ VOLTAGE 


Almost any level of AC voltage is available. Low 
AC voltages (6 V to 24 V) are used for doorbells and 
security systems. Medium AC voltages (110 V to 120 
V) are used in residential applications for lighting, heat- 
ing, cooling, cooking, running motors, etc. 

High AC voltages (208 V to 480 V) are used in 
commercial applications for large-scale cooking, 
lighting, heating, cooling, etc., as required by res- 
taurants, office buildings, shopping malls, schools, 


TIME 


ALTERNATION 


PEAK NEGATIVE 


3eVOLTAGE 
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[ owe ë [ie 
Doorbells, security systems 


Most residential appliances (TVs, 110, 115, 120 
coffeemakers), lighting applications Prid 


Industrial motors, heating elements | 208, 480 


etc. High AC voltages are also used in industrial ap- 
plications to convert raw materials into usable prod- 
ucts, in addition to providing lighting, heating, and 
cooling for plant personnel. 


A DMM can be used to determine the polarity 
of a DC circuit. A negaative sign (—) indi- 
cates the test leads do not match the polarity 
of the circuit. 
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AC Voltage Values 


AC voltage is stated and measured as peak, average, 
or rms values. The peak value (Vmax) of a sine wave 
is the maximum value of either the positive or nega- 
tive alternation. The positive and negative alternation 
are equal in a sine wave. The peak-to-peak value 
(Vp-p) is the value measured from the maximum posi- 
tive alternation to the maximum negative alternation. 
See Figure 6-7. To calculate peak-to-peak value, ap- 
ply the formula: 

Vp-p = 2 X Vmax 

where 

Vp-p = peak-to-peak value (in V) 

2 = constant (to double peak value) 

Vmax = peak value (in V) 


Example: Calculating Peak-to-Peak Value 


An AC voltage source with a positive peak alter- 
nation of 650 V equals what peak-to-peak value? 


Vp-p = 2 X Vmax 


Vp-p = 2 x 650 
Vp-p = 1300 V 
ааа POSITIVE PEAK 
ALTERNATION 
PEAK-TO- o 
PEAK 


NEGATIVE PEAK 
ALTERNATION 


The average value (Vav) of a sine wave is the 
mathematical mean of all instantaneous voltage val- 
ues in the sine wave. The average value is equal to 
.637 of the peak value of a standard sine wave. See 
Figure 6-8. To calculate average value, apply the for- 
mula: 

Vavg = Vmax X .637 

where 

Vavg = average value (in V) 

Vmax = peak value (in V) 

.637 = constant (mean of instantaneous values) 


Example: Calculating Average Value 

An AC voltage source with a positive peak alter- 
nation of 650 V equals what average value? 

Vavg = Vmax X .637 

Vavg = 690 х 2657 

Vavg = 414.05 V 


Мы = 414.05 V 


N AVERAGE 
(.637 OF PEAK) 


| SINE WAVE AVERAGE VALUES 


The root-mean-square (effective) value (Vrms) of a 
sine wave is the value that produces the same amount 
of heat in a pure resistive circuit as a DC current of 
the same value. The rms value is equal to .707 of 
the peak value in a sine wave. See Figure 6-9. To 
calculate rms value, apply the formula: 

Vrms = Vmax X .707 

where 

Vrms = rms value (in V) 

Vmax = peak value (in V) 

.707 = constant (1 + V2) 


Example: Calculating rms Value 
An AC voltage source with a positive peak alter- 
nation of 650 V equals what rms value? 
Vrms = Vmax X .707 
Vrms = 650 x .707 
rms = 459.55 V 


М. = 459.55 V 


rms 
(.707 OF PEAK) 


| — 
[овоше |cine WAVE rms VALUES 


AC voltages may be listed or measured in any one 
of the basic values. AC voltages of one value may 
be converted to another value when required. See Fig- 
ure 6-10. 


VOLTAGE CONVERSIONS 


TIP Always use a meter marked true rms when | 
measuring voltages that are not the standard ( 
AC sine wave type. , 


Current 


Current flows through a circuit when a source of 
power is connected to a device that uses electricity. 
Current (I) is the amount of electrons flowing 
through an electrical circuit. Current is measured in 
amperes (A). An ampere is the number of electrons 
passing a given point in one second. The more power 
a load requires, the larger the amount of current flow. 
See Figure 6-11. 
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A % HP 115 V capacitorstart motor (08 FLA) 
uses as much current as fifteen 75 W lamp bulbs | 
(I = "5415 X 15 = 9.78 A). ‘ 


Ut i АЛ ы ea eM LI Tae ri nn AM Snape ASSN ee 


Current Levels 


Different voltage sources produce different amounts 
of current. For example, standard AA, A, B, C, and 
D size batteries all produce 1.5 V, but each size is 
capable of delivering different amounts of current. 
Size AA batteries are capable of delivering the least 
amount of current, and size D batteries are capable 
of delivering the most amount of current. For this 
reason, a load connected to a size D battery lasts 
longer than a load connected to a size A battery. See 
Figure 6-12. 


COMMON LOAD CURRENT LEVELS’ 


25 W light bulb 
100 W light bulb 


Current may be direct or alternating. Direct current 
(DC) is current that flows in only one direction. Di- 
rect current flows in any circuit connected to a power 
supply producing a DC voltage. Alternating current 
(AC) is current that reverses its direction of flow at 
regular intervals. Alternating current flows in any 
circuit connected to a power supply producing an 
AC voltage. 


Current Flow 


Early scientists believed that electrons flowed from 
positive (+) to negative (—). Later, when atomic struc- 
ture was studied, electron flow from negative to posi- 
tive was introduced. Conventional current flow is 
current flow from positive to negative. Electron cur- 
rent flow is current flow from negative to positive. 
See Figure 6-13. 
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cause mosí loads are resistive or inductive. 
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Figure 6-13 


ELECTRICAL ENERGY CONVERSION 
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Figure 6-14 


Current lags voltage in most AC circuits be- | 


LIGHT ROTARY MOTION 
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Power 


Electrical energy is converted into another form of 
energy any time current flows in a circuit. Electrical 
energy is converted into sound (speakers), rotary mo- 
tion (motors), light (lamps), linear motion (sole- 
noids), and heat (heating elements). See Figure 6-14. 


Power (P) is the rate of doing work or using en- 
ergy. Power may be expressed as either true power 
or apparent power. 7rue power (PT) is the actual 
power used in an electrical circuit. True power is 
expressed in watts (W). Apparent power (PA) is the 
product of the voltage and current in a circuit cal- 
culated without considering the phase shift that may 
be present between the voltage and current in the 
circuit. Apparent power is expressed in volt amps 
(VA). True power is always less than apparent power 
in any circuit in which there is a phase shift between 
voltage and current. See Figure 6-15. 


of motors will conserve energy and reduce op- | 
erating cost. 


TECH Motors consume about 62% of all electrical 1 
TIP energy. Thus, a reduction in the operating time | 
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POWER EXPRESSION METHODS 
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Phase Shift 


Phase shift is the state when voltage and current in 
a circuit do not reach their maximum amplitude and 
zero level simultaneously. There is little to no phase 
shift in AC circuits that contain resistive devices. 
There is a phase shift in AC circuits that contain 
devices causing inductance or capacitance. 


Resistive Circuits 


A resistive circuit is a circuit that contains only re- 
sistive components, such as heating elements and in- 
candescent lamps. Alternating voltage and current are 
in-phase in resistive circuits. In-phase is the state 
when voltage and current reach their maximum am- 
plitude and zero level simultaneously. See Figure 6-16. 
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Inductive Circuits 


Inductance is the property of a circuit that causes it 
to oppose a change in current due to energy stored in 
a magnetic field. All coils (motor windings, transform- 
ers, solenoids, etc.) create inductance in an electrical 
circuit. A phase shift exists between alternating voltage 
and current in an inductive circuit. An inductive circuit 
is a circuit in which current lags voltage. The greater 
the inductance in a circuit, the larger the phase shift. 
See Figure 6-17. 


2 оте 
С. CURRENT 
М LAGS VOLTAGE 
== 
TIME 
Р АС 
ГУМ 7 // INDUCTIVE 
CURRENT MM LOAD 
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Capacitance is added to a power circuit to 
increase true power when a circuit includes 
resistive and inductive loads. 
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Capacitive Circuits 


Capacitance is the ability of a component or circuit 
to store energy in the form of an electrical charge. 
Capacitors create capacitance in an electrical circuit. 
A phase shift exists between voltage and current in 
a capacitive circuit. A capacitive circuit is a circuit 
in which current leads voltage. The greater the ca- 
pacitance in a circuit, the larger the phase shift. See 
Figure 6-18. 
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Power Factor 


Power factor (PF) is the ratio of true power used in 
an AC circuit to apparent power delivered to the cir- 
cuit. Power factor is expressed as a percentage. True 
power equals apparent power when the power factor 
is 100%. When the power factor is less than 100%, 
the circuit is less efficient and has higher operating 
cost. To calculate power factor, apply the formula: 

PF = = x 100 

where 

PF = power factor (percentage) 

PT = true power (in W) 

Pa = apparent power (in VA) 

100 = constant (to convert decimal to percent) 


Example: Calculating Power Factor 


What is the power factor when the true power of 
an electrical circuit is 1500 W and the apparent power 
is 1700 VA? 


— 
РЕ = E x 100 
1500 
РЕ = 1700% 190 
PF = .882 x 100 
PF = 88.2% 


Resistance 


Resistance (R) is the opposition to the flow of elec- 
trons. Resistance is measured in ohms. The Greek 
symbol Q (omega) is used to represent ohms. Resis- 
tance limits the flow of current in an electrical cir- 
cuit. The higher the resistance, the lower the current 
flow. Likewise, the lower the resistance, the higher 
the current flow. See Figure 6-19. 
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Conductors and Insulators 


All materials have some amount of resistance to cur- 
rent flow. A conductor is a material that has very little 
resistance and permits electrons to move through it eas- 
ily. Most metals are good conductors. Copper is the 
most commonly used conductor. Silver is a better con- 
ductor than copper, but is too expensive for most ap- 
plications. Aluminum is not as good of a conductor as 
copper, but costs less and is lighter. For this reason, 
aluminum is also commonly used as a conductor. Con- 
ductors are available as wire, cord, or cable. Con- 
ductors may be solid or stranded. 


An insulator is a material that has a very high 
resistance and resists the flow of electrons. Common 
insulators include rubber, plastic, air, glass, and pa- 
per. Electrical insulations are classified by their tem- 
perature ratings as 60°С (140?F), 75°С (167?F), and 
90*C (194?F). See Figure 6-20. 
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Heat 


Heat is thermal energy. Anything that gives off heat 
is a heat source. Electrical energy may be converted 
into heat. Electricity may be used to heat almost any 
gas, liquid, or solid. Heat produced from electricity 
is used in residential and commercial applications to 
heat rooms and water, cook food, dry clothes, etc. 
Most industrial processes require the heating of a 
variety of liquids, solids, and gases. Heat is used to 
separate metals from their ores, refine crude oil, proc- 
ess foods, remove moisture, shape metals and plas- 
tics, join metals and plastics, harden metals, and to 
cure finishes such as paint, enamels, and varnishes. 


Heat is measured in British thermal units (Btu) or 
calories (cal). British thermal units are used to meas- 
ure the amount of heat in the U.S. system of meas- 
urements. A Btu is the amount of heat required to raise 
1 Ib of water 1?F. Calories are used to measure the 
amount of heat in the Metric system of measurements. 
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A calorie is the amount of heat required to raise 1 g 


of water 1?C. One Btu is equivalent to 252 calories or 
.252 kilocalories. See Figure 6-21. 
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UNITS OF HEAT 


Most electric heating elements are rated in watts 
and/or Btu. The amount of electrical energy used by 
a heating element depends on the power rating of 
the heating element (in watts) and the amount of time 
(in hours) the heating element is ON. To calculate 
the amount of electrical energy used by a heating 
element, apply the formula: 


E epo 

where 

E = energy (in Wh) 
P = power (in W) 
ТЕ= е SOMIT) 


Example: Calculating Electrical Energy 


A heater rated at 3000 W uses how much energy 
in 1 hr, and how much energy in 10 hr? 


One Hour 
jg m ips 
79, = SOOM se Il 


Е = 3000 Wh (3 kWh) 


Ten Hours 
ji = IP Xe IF 
E = 2000x 10 


E = 30,000 Wh (30 kWh) 
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Converting watts to Btu is required because heat- 
ing elements are normally rated in watts or Btu. One 
Wh is equal to 3.412 Btu. Likewise, 1 Btu is equal 
to .293 Wh. See Figure 6-22. 


HEAT EUM VETTER 


13. 3.968 — — 
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= 


Using formulas or conversion factors, a power rat- 
ing in watts may be converted to Btu, or a power 
rating in Btu may be converted to watts. 


Example: Converting Wh to Btu 

A heater rated at 3000 Wh (3 kWh) is equal to 
how many Btu? 

Btu = kWh x 3412 

Btu = 3 x 3412 

Btu = 10,236 Btu 


Example: Converting Btu to kWh 

A heater rated at 30,000 Btu is equal to how many 
kWh? 

kWh = Btu x .0002929 

kWh = 30,000 x .0002929 

kWh = 8.787 kWh 


TECH 


РА 


n 
Excessive heat is a major cause of failure in | 
electric devices. 


Temperature 


All heating elements produce heat. Temperature in- 
creases when heat is produced. Temperature is the 
measurement of the intensity of heat. The amount of 
increase in temperature depends on the amount of 
heat produced, the mass of the body being heated, 
and the material of which the heated body is made. 
See Figure 6-23. 


HEAT CONDUCTION 


THERMAL 
CONDUCTIVITY* 


* jn Btu/hr x in. x°F 


SILVER 
GOLD 
ALUMINUM 
NICKEL 
CAST IRON 
STEEL 
LEAD 
BRONZE 
Р WATER 
ы MARBLE 
j CONCRETE (STONE) 
LARGER BODIES HEAT | SAND 
SLOWER THAN 1 PAPER 
SMALLER BODIES 


MATERIALS WITH HIGHER 
CONDUCTIVITY RATINGS 
CONDUCT HEAT FASTER 


The higher the amount of heat produced, the faster 
the temperature increases in the body being heated. 
The larger the body to be heated, the slower the tem- 
perature rise of the body. The better conductor of 
heat the material being heated is, the faster the heat 
transfer. The rate a material conducts heat depends 
on the thermal conductivity rating of the material. 


Thermal conductivity is the property of a material 
to conduct heat in the form of thermal energy. The 
higher the thermal conductivity rating, the faster the 
material conducts (transfers) heat. The lower the ther- 
mal conductivity rating, the slower the material con- 
ducts (transfers) heat. The thermal conductivity 
rating (number) assigned to a given material is based 
on that material's ability to transfer heat through 1 
sq ft of the surface area for a given thickness in 
Btu/hr, per 1°F temperature difference. 


Gases and liquids such as air and water have poor 
thermal conductivity. Solids such as aluminum and 
copper have good thermal conductivity. The thermal 
conductivity number assigned to a given material is 
based on the ability of the material to transfer heat. 
The number is based on the amount of heat trans- 
ferred through 1 sq ft of the surface area for a given 
thickness in Btu per hour, per 1°F difference through 
the material. Aluminum (thermal conductivity = 128) 
is a much better thermal conductor than steel (ther- 
mal conductivity = 26.2). Since aluminum is a much 
better conductor of heat, it is used in most heat sink 
applications. А heat sink is a device that conducts 
and dissipates heat away from a component. See Fig- 
ure 6-24. 
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Temperature Conversion 


Temperature is normally measured in degrees Fahr- 
enheit (°F) or degrees Celsius (°C). Converting one 
unit to the other is required because both Fahrenheit 
and Celsius are commonly used in the electrical field. 
See Figure 6-25. 

To convert a Fahrenheit temperature reading to 
Celsius, subtract 32 from the Fahrenheit reading and 
divide by 1.8. To convert Fahrenheit to Celsius, apply 
the formula: 

e CF-32 

сеч 
where 
°С = degrees Celsius 
°F = degrees Fahrenheit 
32 = difference between bases 
1.8 = ratio between bases 


Basic Quantities 85 


Example: Converting Fahrenheit to Celsius 


A temperature reading of 90?F equals what °С? 


B oF—32 
fc ES 

p 90 — 32 
C= 

oa n ES 
C= T 

°C = 32.22°C 


To convert a Celsius temperature reading to Fahr- 
enheit, multiply 1.8 by the Celsius reading and add 32. 
To convert Celsius to Fahrenheit, apply the formula: 

"pmo E + 32 

where 

°F = degrees Fahrenheit 

1.8 = ratio between bases 

°C = degrees Celsius 

32 = difference between bases 


Example: Converting Celsius to Fahrenheit 


A temperature reading of 150°C equals what °F? 
а (Altes 06 а BY) 

°F = (1.8 x 150) + 32 

°F = ЭЙ] 682 

°F = 302 Е 
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Convert 18°С to Fahrenheit. 


Е = (1.8x C) + 32 


'F = (1.8 х 18) + 32 
‘F = 32.4 + 32 


Е = 64.4°Е 


- 18°С = 64.4°F 
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Light 


Light is that portion of the electromagnetic spectrum 
which produces radiant energy. The electromagnetic 
spectrum ranges from cosmic rays with extremely 
short wavelengths to electric power frequencies with 
extremely long wavelengths. See Figure 6-26. 


Light can be in the form of visible light or invis- 
ible light. Visible light 1s the portion of the electro- 
magnetic spectrum to which the human eye responds. 
Visible light includes the part of the electromagnetic 
spectrum that ranges from violet to red light. Invisible 
light is the portion of the electromagnetic spectrum 
on either side of the visible light spectrum. Invisible 
light includes ultraviolet and infrared light. 


The color of light is determined by its wavelength. 
Visible light with the shortest wavelengths produce 
the color violet. Visible light with the longest wave- 
lengths produce red. Wavelengths between violet and 
red produce blue, green, yellow, and orange. The 
combination of colored light produces white light 
when a light source, such as the sun, produces energy 
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INFRARED 


over the entire visible spectrum in approximately 
equal quantities. A non-white light is produced when 
a light source, such as a low-pressure sodium lamp, 
produces energy that mostly lies in a narrow band 
of the spectrum (yellow-orange). See Figure 6-27. 


Color distortion of light-colored objects viewed 
under the lamp may be extreme because the low- 
pressure sodium lamp produces most of its energy 
in the yellow-orange area of the light spectrum. How- 
ever, since the low-pressure sodium lamp produces 
more light per watt of power than any other lamp 
type, it is used in applications such as street lighting 
in which color distortion may be tolerated. 


The ultraviolet region is the region of the spectrum 
with wavelengths just short of the color violet. The 
infrared region is the region of the spectrum with 
wavelengths slightly longer than the color red. Both 
ultraviolet and infrared light are invisible to the hu- 
man eye. However, ultraviolet and infrared light is 
used in special applications. Depending on the wave- 
length, ultraviolet light is used in germicidal (bacteria 
killing) lamps, photochemical lamps, black lights, 
and sun lamps. Infrared light is used in heat lamps. 
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TE Use нр lamps for outside lighting because 


they produce much more light per watt than 
incandescent lamps. 


A lamp is an output device that converts electrical 
energy into light. The amount of light a lamp pro- 
duces is expressed in lumens. A lumen (Im) is the 
unit used to measure the total amount of light pro- 
duced by a light source. For example, a standard 40 
W incandescent lamp produces about 480 Im, and a 
standard 40 W fluorescent lamp produces about 3100 
Im. Manufacturers rate lamps (light bulbs) in the 
total amount of light (lumen) produced by the lamps. 
Since the lumen is the total amount of light, it is 
comparable to the amount of current (amperes) in an 


Basic Quantities 87 


electrical circuit or the amount of flow (gpm) in a 
hydraulic system. 


The light produced by a light source causes illu- 
mination. J/lumination is the effect that occurs when 
light falls on a surface. The unit of measure of illu- 
mination is the footcandle. A footcandle (fc) is the 
amount of light produced by a lamp (lumens) divided 
by the area that is illuminated. 


Light spreads as it travels farther from the light- 
producing source. The relationship between the 
amount of light produced at the source and the 
amount of illumination at different distances from 
the light source is expressed by the inverse square 
law. The inverse square law states that the amount 
of illumination on a surface varies inversely with the 
square of the distance from the light source. See 
Figure 6-28. 
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One Іт produces an illumination of 1 fc on a 1 
sq ft area. Thus, if the amount of light falling on a 
surface 1’ away from the light source produces 1 fc, 
then the light source produces 1⁄4 fc at a 2’ distance, 
and fc at a 3’ distance. This is because the light 
produced at the source covers four times the area 
at a 2’ distance and and nine times the area at a 3’ 


distance, than it does at a 1’ distance. See Figure 
6-29. 


The amount of light produced on a surface is de- 
pendent upon the amount of lumens produced by the 
light source and the distance the surface is from the 
light source. The light level required on a surface 
varies widely. For example, an operating table in a 
hospital requires much more light than a teller’s sta- 
tion in a bank. 
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RECOMMENDED LIGHT LEVELS 
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Championship 


Golf 
Tee 
Fairway 
Green 
Miniature 


Racing 
Auto, Horse 
Dog 


Volleyball 
Recreational 
Tournament 


Tennis Courts 
Recreational 
Tournament 


Meter Types 


Meters measure quantities such as voltage, current, speed, 
pressure, counts, etc. Meters may be permanent or port- 
able. Permanent meters are installed to constantly meas- 
ure and display quantities. Portable meters are used to 
take momentary measurements. Portable meters are nor- 
mally used when setting up or troubleshooting a circuit. 


Meters are either single-function meters or mul- 
timeters. A single-function meter is a meter capable 
of measuring and displaying only one quantity. A 
multimeter is a meter that is capable of measuring 
two or more quantities. Quantities measured by me- 
ters are either electrical quantities or nonelectrical 
quantities. The meter used depends on the quantity 
measured and the application. See Figure 7-1. 


MEASURABLE QUANTITIES . 


Amount of electrical 
pressure in a circuit 


VOLTMETER 


Gives a voltage reading in applica- 
tions such as battery chargers, 
power supplies, and power 
distribution systems 


Volts (V) 


AMMETER Amount of electron 


flow in a circuit 


Indicates amount of current a load, 
circuit, or process is using 


Amperes (A) 


WATTMETER Amount of electrical 


power in a circuit 


Watts (W) Gives a power reading in such applica- 
tions as amplifiers, heating elements, 


and power distribution systems 


FREQUENCY 
METER 


Number of electrical 
cycles per second 


Hertz (Hz) 


Indicates AC power line frequency in 
such applications as variable-speed 
motor drives 


OHMMETER 


CONDUCTIVITY 
METER 


Resistance to flow 
of electricity 


Ohms (О) 


Indicates a load, circuit, or component 
resistance before power is applied 
to a circuit 


Ability to conduct 
electricity 
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Mhos (usually 
Mhos/cm) or 
microsiemens 
(usually p S/cm) 


Measures the ability of a solution 
(usually water) to conduct electricity 
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. MEASURABLE QUANTITIES 


a A ra aos ION: 


PRESSURE Amount of fluid 
GAUGE (air or liquid) 
pressure in a 
system 


Pounds per Monitors HVAC systems, 
square inch (psi), pollution control systems, 
kilograms per fluid systems, and machine 
centimeter (kg/cm), conditions 

or bars (bar) 


— — cc 
| 
| 


TACHOMETER Speed of a moving 
object 


TEMPERATURE Intensity of heat in 
METER an object or area 


Revolutions per Monitors speed of moving 
minute (rpm) objects, motors, gears, 
engines, and machine parts 


Degrees Monitors temperature of 
Fahrenheit (°F) products, machines, fluids, 
or degrees processes, and areas 
Celsius (°С) 


ANEMOMETER Air velocity 
(distance traveled 
per unit of time) 


MANOMETER Pressure differential 
between two points 
in a system 


Feet per minute Monitors flow of air in 
(fpm) or meters HVAC systems 
per second (mps) 


Inches water Monitors pressure drop 
column (in in. wc) across air filters, dampers, 
pounds per square and refrigeration coils 

inch (psi) or 

centimeters (cm) 


HYGROMETER "um Relative humidity 
0 


Регсепї Monitors freezers, HVAC 
(0% to 100%) Systems, storage bins, 
relative humidity computer rooms, libraries, 
(% RH) and warehouses 


pH METER Acidity or alkalinity 
of a solution 


0 pH to 14 pH Monitors cooling towers, 
process steam, feedwater, 
pulp and paper operations, 
and wastewater treatment 


VIBRATION Amount of 
METER imbalance in a 
machine or system 


FLOWMETER re Amount of fluid 
moving in a system 


COUNTER Number of devices 


moving past a 
given location 


Meter Abbreviations 


Meter switches, scales, displays, and manuals use ab- 
breviations and symbols to convey information, such 
as settings and units of measure. An abbreviation is 
a letter or combination of letters that represents a 
word. Abbreviations depend on a particular language. 


Velocity (in/s or cm/s) Monitors machines and 

or displacement motors for excess vibration. 

(in. ог mm) Indicates when a machine 
is not properly loaded or 
when alignment is required 


Gallons per minute Indicates that gas or liquid 
(gpm) or standard is moving and monitors 
cubic feet per rate of movement 

minute (scfm) 


Numerical Maintains production values, 
parts used, and inventory 


А symbol is a graphic element that represents a quan- 
tity or unit. Symbols are independent of language 
because a symbol can be recognized regardless of 
the language a person speaks. All meters use standard 
abbreviations to represent a quantity or term. Abbre- 
viations can be used individually (100 V) or in com- 
binations (100 kV). See Figure 7-2. 


t 


AC Alternating current or voltage 
DC Direct current or voltage 
V Volts 

mV Millivolts 

КМ Kilovolts 

A  Amperes 

mA Milliamperes 

нА Microamperes 

W Watts 

КО Kilohms 

МО Megohms 

Hz Hertz 

kHz Kilohertz 

pF Microfarads 

nF Nanofarads 

°F Degrees Fahrenheit 

°С Degrees Celsius 


Meter Symbols 


AC 
DC 


AC or DC 


Positive 
Negative 


Ground 

Plus or minus 
Diode 

Diode test 

Less than 
Greater than 
Increase setting 


Decrease setting 
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SELECTED METER ABBREVIATIONS 


"n 
mc ui > 


ve 
Most meters use standard symbols to represent an elec- 
trical component (battery, etc.), term (ground, etc.), or | 
message to the user (warning, etc.). See Figure 7-3. | 


100ms MAX MIN AVG [H]AC DC 


[® 
»)) 


ASSURER OMNCM д (aL Pi MATO С 
Е 


umv A 
MkQHz 


amt ee 


See service manual 


Double insulation 


Battery 


Hold 


o 
А 
A 


Audio beeper 


[1000 v MAX] V MAX 


A 


Capacitor 


Percent 


Move right 


Move left 


No (do not use) 


Revolutions per minute 
Common 

Overload 

Time 

Least significant digit 
Maximum 

Minimum 

Average 

Trigger 

Average voltage 

Peak voltage 
Peak-to-peak voltage 
Root-mean-square (RMS) Voltage 
High input impedance 
Decibel 

Decibel volts 

Decibel watts 


mamas mt - 0 


T. he higher the current in a circuit, the higher ii 
the heat produced and more likely that damage 
may occur. 


Switch position OFF (power) 


Switch position ON (power) 


Manual range mode 


Warning: Dangerous or high voltage 
that could result in personal injury 


Caution: Hazard that could 
result in equipment damage 
or personal injury 


Terminals must not be connected to a 
circuit with higher-than-listed voltage 


Relative mode — displayed value is 
difference between present measurement 
and previous stored measurement 


Ohms resistance 


Meter display light 
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Meter Terminology 


tity as an average, effective, peak, or rms value. The 
difference between each value must be understood 


All meters use terms to describe displayed information. to correctly interpret the measurements. See Figure 
Meter terminology must be understood for proper meter 7-4. Note: Review all operating and safety precautions 
use. For example, a meter may display an electrical quan- before working with a new meter. 


AC 
COUPLING 


ACCURACY 
ANALOG 
METER 


ACCURACY 
DIGITAL 
METER 


ALLIGATOR CLIP 


AMBIENT 
TEMPERATURE 


AMMETER 


AMMETER 
SHUNT 


AMPLITUDE 


ATTENUATION 


AUDIBLE 


AUTORANGING 


AVERAGE 
VALUE 


METER TERMINOLOGY .. 


Standard U.S. frequency is 60 Hz 


| Signal that passes an AC signal and blocks a DC signal. Used to 
measure AC signals that are riding on a DC signal 


Indicates ability to read or operate on alternating and direct current 


Largest allowable error (in percent of full scale) made under normal 
operating conditions. The reading of a meter set on the 250 V range 
with an accuracy rating of + 2% could vary + 5 V. Analog meters 
have greater accuracy when readings are taken on the upper half of 
the scale 


Largest allowable error (in percent of reading) made under normal 
operating conditions. A reading of 100.0 V on a meter with an accuracy 
of +2% is between 98.0 V and 102.0 V. Accuracy may also include a 
specified amount of digits (counts) that are added to the basic accuracy 
rating. For example, an accuracy of + 2% (+ 2 digits) means that a 
display reading of 100.0 V on the meter is between 97.8 V and 102.2 V 


Long-jawed, spring-loaded clamp connected to the end of a test lead. 
Used to make temporary electrical connections 


Temperature of air surrounding a meter or equipment to which the 
meter is connected 


Meter that measures electric current 


Low-resistance conductor that is connected in parallel with the 
terminals of an ammeter to extend the range of current values 
measured by the ammeter 


Highest value reached by a quantity under test 


Decrease in amplitude of a signal 


Sound that can be heard 


Function that automatically selects a meter’s range based on signals 
received 


Value equal to .637 times the amplitude of a measured value 
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METER TERMINOLOGY ... 


BACKLIGHT 


BANANA . | Meter jack that accepts a banana plug 
JACK 


BANANA Long, thick terminal connection on one end of a test lead used to 
PLUG make a connection to a meter 


BATTERY Feature that enables a meter to shut down when battery level is too 
SAVE low or no key is pressed within a set time 


BNC Coaxial-type input connector used on some meters 


CAPTURE Function that records and displays measured values 


CELSIUS Temperature measured on a scale for which the freezing point of 
e water is 0° and the boiling point is 100° 


CLOSED Se Circuit in which two or more points allow a predesigned current to flow 
CIRCUIT 


COUNTS Unit of measure of meter resolution. A 1999 count meter cannot 
display a measurement of 10 of a volt when measuring 200 V or 
more. A 3200 count meter can display a measurement of 19 of a volt 
up to 320 V 


Current that constantly flows in one direction 


DECIBEL (dB) Measurement that indicates voltage or power comparison in a 
logarithmic scale 


DIGITS Indication of the resolution of a meter. A 31⁄2 digit meter can display 
three full digits and one half digit. The three full digits display a number 
from 0 to 9. The half digit displays a 1 or is left blank. A 314 digit 
meter displays readings up to 1999 counts of resolution. A 414 digit 
meter displays readings up to 19,999 counts of resolution 


Semiconductor that allows current to flow in only one direction 


DISCHARGE Removal of an electric charge 


CH = . 
DUAL AAJ Feature that allows two separate waveforms to be displayed 
TRACE пинин те simultaneously 


EARTH = Reference point that is directly connected to ground 
GROUND 
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METER TERMINOLOGY 
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EFFECTIVE --é--. Value equal to 707 of the amplitude of a measured quantity 
VALUE A 


o Temperature measured on a scale for which the freezing point of water 
F is 32° and the boiling point is 212° 


FAHRENHEIT 


[== 
FREEZE Function that holds a waveform (or measurement) for 
closer examination 


FREQUENCY Number of complete cycles occurring per unit of time 


FUNCTION p E Switch that selects the function (AC voltage, DC voltage, etc.) that a 
SWITCH à meter is to measure 


GLITCH Momentary spike in a waveform 


GLITCH Function that increases the meter sampling rate to maximize the 
DETECT detection of the glitch(es) 


GROUND Common connection to a point in a circuit whose potential is taken 
as zero 


HARD Function that allows a printed copy of the displayed measurement 
COPY 


HOLD Button that allows a meter to capture and hold a stable measurement 
BUTTON 


LIQUID CRYSTAL Display that uses liquid crystals to display waveforms, measurements, 
DISPLAY (LCD) and text on its screen 


MEASURING Minimum and maximum quantity that a meter can safely and accurately 
RANGE measure 


NOISE Unwanted extraneous electrical signals 


OPEN Circuit in which two (or more) points do not provide a path for 
CIRCUIT NA current flow 


OVERFLOW Condition of a meter that occurs when a quantity to be measured is 
greater than the quantity the meter can display 


OVERLOAD Condition of a meter that occurs when a quantity to be measured is 
greater than the quantity the meter can safely handle for the meter 
range setting 


Highest value reached when measuring 


PEAK-TO-PEAK Highest and lowest voltage value of a waveform 
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METER TERMINOLOGY 


- d 


к НИНЕН „МАЙ, ee ee | Е... на E TES NIMM 


ште. 


POLARITY Orientation of the positive (+) and negative (—) side of direct current 
or voltage 


os Pointed metal tip of a test lead used to make contact with the circuit 
under test 


Waveform that increases from a constant value, then decreases to its 
original value 


Repetitive series of pulses 


Quantities between two points or levels 


RECALL Function that allows stored information (or measurements) to 
be displayed 


RESOLUTION Sensitivity of a meter. A meter may have a resolution of 1 V or 1 mV 


RISING Part of a waveform displaying a rise in voltage 
SLOPE 


ROOT-MEAN- Value equal to .707 of the amplitude of a measured value 
SQUARE 


SAMPLE Momentary reading taken from an input signal 


SAMPLING Number of readings taken from a signal every second 
RATE 


SHORT | Two or more points in a circuit that allow an unplanned current flow 
CIRCUIT 


TERMINAL ) © Point to which meter test leads are connected 


TERMINAL 


level that meter terminals can safely handle 
VOLTAGE 


TRACE Displayed waveform that shows the voltage variations of the input 
signal as a function of time 


TRIGGER Device which determines the beginning point of a wavelength 


WAVEFORM Pattern defined by an electrical signal 


Function that allows a waveform (or part of waveform) to be magnified 


санаган 


E 


z Ag 
Ó—— m i 
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Reading Analog Displays 


An analog display is an electromechanical device 
that indicates readings by the mechanical motion of 
a pointer. Analog displays use scales to display meas- 
ured values. Analog scales may be linear or nonlinear. 
A linear scale is a scale that is divided into equally 
spaced segments. А nonlinear scale is a scale that 
is divided into unequally spaced segments. See Fig- 
urere». 


ANALOG DISPLAYS 


SCALES 
(ANALOG 
DISPLAY) 


ANALOG 
MULTIMETER 


SINGLE-FUNCTION 


2000 3000 ANALOG METER 


EQUAL 

DISTANCE 
BETWEEN 
DIVISIONS 


UNEQUAL 
DISTANCE 
BETWEEN 
DIVISIONS 


i Me, 


E NONLINEAR SCALE 


Analog scales are divided using primary divisions, 
secondary divisions, and subdivisions. A primary divi- 
sion is a division with a listed value. А secondary di- 
vision is a division that divides primary divisions in 
halves, thirds, fourths, fifths, etc. A subdivision is a 
division that divides secondary divisions in halves, 
thirds, fourths, fifths, etc. Secondary divisions and sub- 
divisions do not have listed numerical values. When 
reading an analog scale, add the primary, secondary, 
and subdivision readings. See Figure 7-6. 


READING ANALOG SCALES 


READ SECONDARY DIVISION 
(READING = .5) 


READ 
SUBDIVISION 
(READING - .3, ROUND UP) 


READ PRIMARY DIVISION 
(READING - 2) 


PRIMARY 
DIVISIONS 


SECONDARY 
DIVISIONS 


SUBDIVISIONS 


is ANALOG DISPLAY 
USES SCALES 


READING 
Ф PRIMARY DIVISION 2 


Ө SECONDARY DIVISION 
Ө suspivision 


© AnaLoG READING 


TECH | 
ТЇР Always start on the highest possible setting 
and use a meter that has a fused current set- 
ting when measuring current in a circuit. | 


SO Ste Сез Vnum eee y ECAA Hs М ундуу PAM un Mg 


To read an analog scale, apply the procedure: 
1. Read the primary division. 


2. Read the secondary division if the pointer moves 
past a secondary division. Note: This may not 
occur with very low readings. 


3. Read the subdivision if the pointer is not di- 
rectly on a primary or secondary division. 
Round the reading to the nearest subdivision 
if the pointer is not directly on a subdivision. 
Round the reading to the next highest subdi- 
vision if rounding to the nearest subdivision 
is unclear. 


4. Add the primary division, secondary division, 
and subdivision readings to obtain the analog 
reading. 


Digital Displays 


A digital display is an electrónic device that displays 
readings as numerical values. Digital displays help 
eliminate human error when taking readings by dis- 
playing exact values measured. Errors occur when 
reading a digital display if the displayed prefixes, 
symbols, and decimal points are not properly applied. 

Digital displays display values using either a light- 
emitting diode (LED) or a liquid crystal display 
(LCD). LED displays are easier to read and use more 
power than LCD displays. Most portable digital me- 
ters use an LCD. 

The exact value on a digital display is determined 
from the numbers displayed and the position of the 
decimal point. A range switch determines the place- 
ment of the decimal point. 
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Only a true rms meter gives an accurate 
reading when measuring non-sinusoidal | 
waveforms. 


Typical voltage ranges on a digital display are 3 
V, 30 V, and 300 V. The highest possible reading 
with the range switch on 3 V is 2.999 V. The highest 
possible reading with the range switch on 30 V is 
29.99 V. The highest possible reading with the range 
switch on 300 V is 299.9 V. Accurate readings are 
obtained by using the range that gives the best reso- 
lution without overloading. See Figure 7-7. 


Bar Graphs 


Most digital displays include a bar graph to show 
changes and trends in a circuit. A bar graph is a 
graph composed of segments that function as an ana- 
log pointer. The displayed bar graph segments in- 
crease as the measured value increases and decrease 
as the measured value decreases. Reverse the polarity 
of test leads if a negative sign is displayed at the 
beginning of the bar graph. See Figure 7-8. 


Wrap-Around Bar Graphs 


A wrap-around bar graph is a bar graph that displays 
a fraction of the full range on the graph. The pointer 
wraps around and starts over when the limit of the 
bar graph is reached. See Figure 7-9. 


DIGITAL DISPLAYS 


MAXIMUM 
READING WITH 
RANGE SWITCH 
SET ON 30 V 


MAXIMUM 
READING WITH 
RANGE SWITCH 
SETONSV 


DIGITAL 
DISPLAY 


USES 
NUMERICAL 
VALUES 


RESOLUTION 


= .001 V zw 


RESOLUTION 


VOLTAGE 

INTO METER 

IS HIGHER THAN 
METER SETTING 


ПІ 


RESOLUTION METER 
= AW OVERLOADED 


MAXIMUM 
READING WITH 
RANGE SWITCH 
SET ON 300 V 
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BAR GRAPH DISPLAYS 


VOLTAGE INTO METER 
IS HIGHER THAN SETTING 
OF RANGE SWITCH 


RANGE SWITCH 
SET ON 300 V 


RANGE SWITCH 
SET ON 30 V 


veduduv 


ARROW 
INDICATES 
OVERLOAD 


METER 
OVERLOAD 


BAR GRAPH 
INDICATES 150 V 
(EACH SEGMENT - 10 V) 


BAR GRAPH 
INDICATES 23 V 30 = 300 V 


30 - 30 V ON SETTING 


Figure 7-8 | ON SETTING 


Bar Graph Use 


A bar graph reading is updated 30 times per second. 
A numerical reading is updated 4 times per second. 
The bar graph is used when quickly changing signals 
cause the numerical display to flash or when there 
is a change in the circuit that is too rapid for the 
numerical display to detect. 


For example, mechanical relay contacts may 
bounce open when exposed to vibration. Contact 
bounce causes intermittent problems in electrical 
equipment. Frequency and severity of contact bounce 
increases as a relay ages. 


A contact’s resistance changes momentarily from 
zero to infinity and back when a contact bounces 
open. A numerical digital display cannot indicate 
contact bounce because most numerical digital dis- 
plays require more than 250 ms to update their dis- 
plays. The quick response of bar graphs enables 


detection of most contact bounce problems. The con- 
tact bounce is displayed by the movement of one or 
more segments the moment the contact opens. 


Ghost Voltages 


A meter set to measure voltage may display a reading 
before the meter is connected to a powered circuit. The 
displayed voltage is a ghost voltage that appears as 
changing numbers on a digital display or as a vibrating 
analog display. A ghost voltage is a voltage that appears 
on a meter that is not connected to a circuit. 


Ghost voltages are produced by the magnetic 
fields generated by current-carrying conductors, fluo- 
rescent lighting, and operating electrical equipment. 
Ghost voltages enter a meter through the test leads 
because test leads not connected to a circuit act as 
antennae for stray voltages. See Figure 7-10. 


WRAP-AROUND BAR GRAPHS 


MAXIMUM READING 
OF 10 V BEFORE 
POINTER WRAPS 


Wee St 


5007 


ADD 10 V 
pi: READING 


AROUND AND 
STARTS OVER 


POINTER WRAPPED 
AROUND ONCE 


ni 23.4.5505. 2 8.9.0 


ig EACH PRIMARY 
DIVISION = 1 V 
EACH SECONDARY 


DIVISION = .2 V 


ADD 20 V 

TO READING 
AFTER SECOND 
WRAP-AROUND 
20V+5V=25V 


POINTER WRAPPED 
AROUND TWICE 


МСИ ДА 
——ÀM— 


AFTER FIRST 
WRAP-AROUND 
10V+5V=15V 


О 23.4 5. 6 ЕО 
- —— M 


ОС аЗ А5 ета 
MÀ ———À 


ON 2 САБИ 6: 7 во 
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ETT 
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GHOST VOLTAGES 


ELECTROMAGNETIC 
INTERFERENCE 


FLUORESCENT 
LAMP FIXTURE 


TEST LEAD 
ACTS AS AN 
ANTENNA | 


GHOST VOLTAGE 
APPEARS 
BEFORE METER 
IS CONNECTED 
TO A CIRCUIT 


a ome 
my 


Ghost voltages do not damage a meter. Ghost 
voltages may be misread as circuit voltages when 
a meter is connected to a circuit that is believed 
to be powered. A circuit that is not powered can 
also act as an antenna for stray voltages. To ensure 
true circuit voltage readings, connect a meter to a 
circuit long enough so that the meter displays a 
constant reading. 


— 
; [ TECH I n areas of high electromagnetic interference, | 
TIP always use a meter that has a shielded case | 
| to reduce the effects of electromagnetic inter- | 
і ference. | 


leet e 
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Meter Precautions 


A variety of analog and digital meters measure elec- 
trical quantities such as voltage, current, resistance, 
power, speed, temperature, etc. Each meter includes 
an instruction manual. The instruction manual shows 
and explains individual meter specifications and fea- 
tures, proper operating procedure and safety, and spe- 
cific warnings and applications. 


Read the manufacturer's instruction manual before 
using any test equipment. Always refer to the instruc- 
tion manual for information concerning specific use, 
safety, and meter capacity. Safety precautions are re- 
quired when using some meters because of the high 
voltage and currents in some circuits. Safety precau- 
tions for using meters include: | 


e Ensuring that the meter leads are connected to the 
correct meter jacks. 


e Ensuring that the selector switch is set to the proper 
range and function before applying test leads to a 
circuit. 


e Knowing meter accuracy limits. Any reading taken 
varies from the true reading by the accuracy limits 
of the meter. 


e Averaging several readings when accuracy is criti- 
cal. This reduces the effect of stray alternating 
fields on some meters. 


e Starting with the highest range when measuring un- 
known values. 


e Checking meter leads for frayed or broken insulation. 


e Avoiding taking measurements under humid or 
damp conditions. 


* Ensuring that hands, shoes, and work areas are dry. 


Meter Characteristics 


Meters are available in a wide range of prices. Meter 
cost is increased based on added features, safety, war- 
ranties, and improved specifications. Any hand-held 
digital multimeter (DMM) should be able to take ba- 
sic voltage (AC and DC), DC current (less than 10 
A), and resistance measurements. Additional features 
may be added to improve safety, usage, and accuracy. 
see Figure 7-11. 
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HAND-HELD ОММ CHARACTERISTICS 


FUSED CURRENT JACK 
NO YES 


AUDIBLE WARNING IF TEST LEADS ARE 


CONNECTED INTO INCORRECT JACKS PREVENTS 


MAY CAUSE METER 
METER DAMAGE NO nen DAMAGE 


WATER- OR CHEMICAL- 
RESISTANT SEALED CASE 


Ско YES 


METER PROTECTION 


DC VOLTAGE ACCURACY MIN/MAX FUNCTION 
1.5% < GOOD VERY GOOD 01% NO YES 


AC VOLTAGE ACCURACY ANALOG BAR GRAPH 
2.9% < GOOD VERY GOOD 7% МО | |... YES 


MAXIMUM AC/DC VOLTAGE 
MEASUREMENT (WITHOUT PROBE) FREQUENCY MEASUREMENT 


600 V <a VERY 6500 > 1000 V NO y YES 
o O 

LIMITS IMPROVES 

METER METER 


FREQUENCY RANGE MINCE RELATIVE MODE PNE 


400 Hz < GOOD | VERY GOOD > 20kHz NO YES 


RESISTANCE MEASUREMENT ACCURACY AUTOMATIC TOUCH HOLD 


+0.9% < GOOD | МЕНҮ GOOD +0.2% 


MULTIMETER TYPE | DIODE TEST 
AVERAGE rms 
SENSING < 8605 ВЕТ TER > SENSING <mo YEs > 


SPECIFICATIONS FUNCTIONS 


Taking Measurements 


In most electrical, electronic, and fluid power circuits, 
measurements are taken when there is a problem 
(troubleshooting), or to display the presence and level 
of a measurable quantity, such as voltage, pressure, 
speed, or temperature during normal operation. Mea- 
surements are taken using portable equipment such as 
a voltmeter when troubleshooting. Built-in panel meters 
are used when taking measurements for normal dis- 
play indication. For example, some automobile dash- 
boards include a voltmeter to show the amount of 
system voltage during normal operation. A hand-held 
voltmeter is used to troubleshoot an electrical problem 
in the system. 

Taking and displaying measurements during normal 
operation gives a visual indication of circuit perfor- 
mance. Seeing the level of pressure, temperature, volt- 
age, current, speed, etc. at any time, allows for a safe 
and productive system. 

Taking measurements during troubleshooting gives 
a clear picture of any problems in a circuit, circuit 
operation, and possible future problems. Always take 
measurements when troubleshooting, even if the prob- 
lem appears obvious. For example, the obvious prob- 
lem may be that a motor is burned out. Replacing the 
motor may get the system running, but the reason why 
the motor burned out is not determined. Taking cur- 
rent measurements indicates whether the motor is 
overloaded and the fuses are properly sized. Taking 
voltage measurements indicates whether there is a 
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poor electrical connection upstream (low voltage) 
from the motor. Taking temperature measurements may 
indicate improper ventilation or bad bearings. 


Voltage 


Voltage (E) is the amount of electrical pressure in a 
circuit. Voltage is measured in volts (V). The amount 
of voltage in a circuit can be measured using a voltme- 
ter. A voltmeter is used to measure the amount of volt- 
age in a circuit that is powered. Safety precautions must 
be taken to ensure that no part of the body comes in 
contact with a live part of the circuit. Safety precau- 
tions must also be taken to ensure that the voltmeter is 
properly used because voltage measurements are taken 
when a circuit is powered. 

Voltage measurements are normally taken to estab- 
lish that there is voltage at a given point in a circuit 
and to determine if the voltage is at the proper level. 
For example, if there is voltage present on the input 
side of a fuse but not on the output side of the fuse, the 
fuse is bad (open). Establishing that there is voltage at 
a given point in a circuit enables the troubleshooter to 
know which direction (upstream or downstream from 
the test point) to troubleshoot. 

The second reason voltage measurements are 
taken is to determine if the voltage is at the proper 
level. Most electrical devices, circuits, and power 
sources operate at a rated voltage level (1.5 V, 9 V, 
24 V, 115 V, 230 V, etc.). The exact voltage level in 
a circuit may vary. For most electrical circuits, the 
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voltage level may vary +10% from the rated voltage. 
Lower-than-normal voltage is a more common problem 
than higher-than-normal voltage. Low voltage occurs 
due to loose connections, corrosion at connections, 
undersized feeder conductors, damaged conductors, or 
when additional loads are added to a circuit. 


AC Voltage Measurement 


Exercise caution when measuring AC voltages over 24 V. 
See Figure 8-1. 


Warning: Ensure that no body part contacts any 
part of the live circuit, including the metal contact 
points at the tip of the test leads. 


To measure AC voltages with a voltmeter, apply the 
procedure: 


AC VOLTAGE MEASUREMENT 


CG Qum) =p 


SET FUNCTION 
SWITCH TO AC 
VOLTAGE (у) 


CONNECT TEST 
LEADS TO CIRCUIT 


БЭ READ VOLTAGE 
| {бу DISPLAYED 


PLUG BLACK TEST LEAD 
INTO COMMON JACK 


PLUG RED TEST LEAD 
INTO VOLTAGE JACK 


1. Set the function switch to AC voltage. Set the 
meter on the highest voltage setting if the voltage 
in the circuit is unknown. 


Plug the black test lead into the common jack. 
3. Plug the red test lead into the voltage jack. 


4. Connect the test leads to the circuit. The position 
of the test leads is arbitrary. Common industrial 
practice is to connect the black test lead to the 
grounded (neutral) side of the AC voltage. 


5. Read the voltage displayed on the meter. 


DC Voltage Measurement 


Exercise caution when measuring DC voltages over 60 V. 
See Figure 8-2. 
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Warning: Ensure that no body part contacts any 
part of a live circuit, including the metal contact points 
at the tip of the test leads. 


To measure DC voltages with a voltmeter, apply the 
procedure: 


1. Set the function switch to DC voltage. Select a 
setting high enough to measure the highest pos- 
sible circuit voltage if the meter has more than 
one voltage position or if the circuit voltage is 
unknown. 


2. Plug the black test lead into the common jack. 
3. Plug the red test lead into the voltage jack. 


4. Connect the meter test leads in the circuit. Con- 
nect the black test lead to circuit ground and the 
red test lead to the point at which the voltage is 
under test. Reverse the black and red test leads if 
a negative sign appears in front of the reading on 
a digital meter. 


5. Read the voltage displayed on the meter. 
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Current 


Current (I) is the amount of electrons flowing through 
an electrical circuit. Current is measured in amperes 
(A). The amount of current in a circuit can be mea- 
sured using an ammeter. An ammeter is used to mea- 
sure the amount of current flowing in a circuit that is 
powered. Safety precautions must be taken to ensure 
that no part of the body comes in contact with a live 
part of the circuit. Safety precautions must also be 
taken to ensure that the ammeter is properly used be- 
cause current measurements are taken when a circuit 
is powered. 


Amperage measurements are normally taken to in- 
dicate the amount of circuit loading or the condition of 
a load. Every component (lamp, motor, heating ele- 
ment, speaker, etc.) that converts electrical energy into 
some other form of energy (light, rotating motion, heat, 
sound, etc.) uses current. The more energy required, 
the higher the current usage. Thus, every time a load is 
added to a circuit (or switched ON), the circuit must 
deliver more current. Current limits must be set and 
monitored because all electrical components (conduc- 
tors, switches, motors, etc.) have a rated current limit. 
Current limits are normally set by the proper sizing of 
fuses, circuit breakers, overloads, and other types of 
current monitors. 


Measuring the amount of current in a circuit is the 
best indication of the amount of loading of a circuit or 
component. Circuit current is measured using an in-line 
ammeter or a clamp-on ammeter. Ап in-line ammeter 
is a meter that measures current in a circuit by insert- 
ing the meter in series with the component(s) under 
test. In-line ammeter readings require the circuit to be 
opened so the ammeter can be inserted. A clamp-on 
ammeter is a meter that measures current in a circuit 
by measuring the strength of the magnetic field around 
a conductor. Clamp-on ammeters take current readings 
without opening the circuit. In-line ammeters are used 
to measure very small amounts of current (milli and 
microamperes) and are normally limited to measuring 
currents of less than 10 A. Clamp-on ammeters are used 
to measure currents from .01 A or less to 1000 A or 
more. In-line ammeters are normally used to measure 
DC currents, but some models allow for DC or AC cur- 
rent measurements. Clamp-on ammeters are normally 
used to measure AC currents, but some models allow 
for AC or DC current measurements. Always check the 
type (AC and/or DC) and limits (maximum measur- 
able amount) of the meter being used. 
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In-Line Ammeter — DC Measurement 


Care must be taken to protect the meter, circuit, and 
person using the meter when measuring DC with an 
in-line ammeter. Always apply the following rules when 
using an in-line ammeter: 


* Check that the power to the test circuit is OFF be- 
fore connecting and disconnecting test leads. 


* Do not change the position of any switches or settings 
on the meter while the circuit under test is energized. 


* Turn the power to the meter and circuit OFF before 
any meter settings are changed. 


* Connect the ammeter in series with the component(s) 
to be tested. 


* Do not take current readings from any circuit in which 
the current may exceed the limit of the meter. 


Many meters include a fuse in the low-ampere range 
to prevent meter damage caused by excessive current. 
Before using a meter, check to see if the meter is fused 
on the current range being used. The meter is marked 


as fused or not fused at the test lead terminals. An ex- 
ternal fuse may be connected in series with the meter 
test leads if the meter is not fused. To protect the meter, 
the fuse rating should not exceed the current range of 
the meter. See Figure 8-3. 


Warning: Ensure that no body parts contact any 
part of the live circuit, including the metal contact 
points at the tip of the test leads. 


To measure DC using an in-line ammeter, apply the 
procedure: 


1. Set the selector switch to DC. Select a setting high 
enough to measure the highest possible circuit cur- 
rent if the meter has more than one DC position. 


2. Plug the black test lead into the common jack. 
The common jack may be marked com (common), 
— (negative), or lo (low). 


3. Plug the red test lead into the current jack. The 
current jack may be marked + (positive), mA 
(milliamps), or hi (high). 


4. Turn the power to the circuit or device under test 
OFF and discharge all capacitors if possible. 


IN-LINE AMMETER - DC MEASUREMENT 
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Figure 8-3 


IF POSSIBLE 


TURN POWER OFF. 
DISCHARGE CAPACITORS 


5. Openthe circuit and connect the test leads to each 
side of the opening. The black (negative) test lead 
is connected to the negative side of the opening 
and the red (positive) test lead is connected to the 
positive side of the opening. Reverse the black 
and red test leads if a negative sign appears in 
front of the displayed reading. 


6. Turn the power to the circuit under test ON. 
7. Read the current displayed on the meter. 


8. Turn the power OFF and remove the meter from 
the circuit. 


The same procedure is used to measure AC with an 
in-line ammeter, except that the selector switch is set 
on AC current. 
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Clamp-On Ammeter – AC Measurement 


Clamp-on ammeters measure the current in a circuit by 
measuring the strength of the magnetic field around a 
conductor. See Figure 8-4. 

Warning: Care must be taken to ensure that the 
meter does not pick up stray magnetic fields. When- 
ever possible, separate the conductors under test from 
other surrounding conductors by a few inches. 

To measure AC using a clamp-on ammeter, apply 
the procedure: 

1. Set the function switch to AC current. Select the 
proper setting to measure the highest possible cir- 
cuit current if the meter has more than one cur- 
rent position or if the circuit current is unknown. 


2. Plug the current probe accessory into the meter 
when using a multimeter that requires a current 
probe. 


3. Open the jaws by pressing against the trigger. 


4. Enclose one conductor in the jaws. Ensure that the 
jaws are completely closed before taking readings. 


5. Read the current displayed on the meter. 
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Resistance 


Resistance (R) 1s the opposition to the flow of elec- 
trons. Resistance is measured in ohms (Q). Resis- 
tance can be measured using an ohmmeter or 
megohmmeter. An ohmmeter is a device that 1s used 
to measure the amount of resistance in a component 
(or circuit) that is not powered. A megohmmeter is a 
device that detects insulation deterioration by mea- 
suring high resistance values under high test volt- 
age conditions. Megohmmeter test voltages range 
from 50 V to 5000 V. Precautions must be taken to 
ensure that all circuit power is turned OFF before 
any measurements are taken because resistance read- 
ings are taken on circuits that are not powered. This 
can be done by removing the component to be tested 
from the circuit or using a voltmeter to ensure the 
power is OFF. 

Resistance measurements are normally taken to in- 
dicate the condition of a component or circuit. The 
higher the resistance, the lower the current flow. Like- 
wise, the lower the resistance, the higher the current 
flow. Components that are designed to insulate (rub- 
ber, paper, plastic, etc.) should have a very high resis- 
tance. Components that are designed to conduct (switch 
contacts, conductors, etc.) should have a very low re- 
sistance. As insulators are damaged by moisture, over- 
heating, etc., their resistance decreases. As conductors 
are damaged by burning, corrosion, etc., their resis- 
tance increases. Other components, such as heating el- 
ements, should have a fixed resistance value. Any major 
change in the resistance value of a fixed resistance com- 
ponent normally indicates a problem. 


Ohmmeter — Resistance Measurement 


An ohmmeter measures resistance with all power to 
the circuit OFF. Low voltage applied to a meter set to 
measure resistance causes inaccurate readings. High 
voltage applied to a meter set to measure resistance 
causes meter damage. Check for voltage using a volt- 
meter. See Figure 8-5. 


Warning: Ensure that no voltage is present in the 
circuit or component under test before taking resistance 
measurements. 


To measure resistance using an ohmmeter, apply the 
procedure: 


1. Check to ensure that all power is OFF in the cir- 
cuit or component under test and disconnect the 
component from the circuit. 


2. Setthe function switch to the resistance position, 
which is marked €2 on digital meters. 


Plug the black test lead into the common jack. 
Plug the red test lead into the resistance jack. 


Ensure that the meter batteries are in good condi- 
tion. The battery symbol is displayed when the 
batteries are low. Digital meters are zeroed by an 
internal circuit. 


6. Connect the meter test leads across the compo- 
nent under test. Ensure that contact between the 
test leads and the circuit is good. Dirt, solder flux, 
oil, and other foreign substances greatly affect 
resistance readings. 


7. Readthe resistance displayed on the meter. Check 
the circuit schematic for parallel paths. Parallel 
paths with the resistance under test cause reading 
errors. Do not touch exposed metal parts of the 
test leads during the test. The resistance of a 
person's body can cause reading errors. 


8. Turn the meter OFF after measurements are taken 
to save battery life. 
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Megohmmeter – Resistance Measurement 5. Ensure that the batteries are in good condition. 
The meter contains no batteries if the meter in- 
cludes a crank. The meter contains no batteries or 


Megohmmeters deliver a high voltage to the circuit i 
crank if the meter plugs into a standard outlet. 


under test. See Figure 8-6. 


А é а Я 6. Connect the line test lead to the conductor under 
Warning: Ensure that no voltage is present in a cir- 


; : : test. 
cuit or component under test before taking any resis- 
tance measurements. Ensure that no body part contacts 7. Connect the earth test lead to a second conductor 
the high voltage. in the circuit or earth ground. 


8. Press the test button or turn the crank and read 
To use a megohmmeter, apply the procedure: | the resistance displayed on the meter. Change the 
meter resistance or voltage range if required. 


1. Ensure that all power is OFF in the circuit or com- 
ponent under test. Test for voltage using a volt- 9. Consult the equipment manufacturer or meter 
meter if uncertain. manufacturer for the minimum recommended re- 

sistance values. The insulation is good if the meter 

reading is equal to or higher than the minimum 
value. 


2. Setthe selector switch to the voltage at which the 
circuit is to be tested. The test voltage should be 
as high or higher than the highest voltage to which 
the circuit under test is exposed. 


— 


3. Plug the black test lead into the negative (earth) 


areas where measurements must be taken. | 


jack. ч Always use a high voltage probe and high | 
X | current clamp in such areas. | 
4. Plug the red test lead into the positive (line) jack. ho—————— ———— —aÓ 
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Conductivity 


Conductivity (G) is the ability of a substance or mate- 
rial to conduct electric current. Conductivity is the re- 
ciprocal of resistance. All substances conduct electric 
current to some degree. Insulators (glass, rubber, plas- 
tic, etc.) have very low conductivity and many metals 
(silver, copper, and aluminum) have very high conduc- 
tivity. The amount of conductivity can be measured 
using a conductivity meter. 

The measurement of conductivity is useful in in- 
dustrial applications in which the quality of water or 
the makeup of a liquid solution needs to be known. 
Such applications exist in hospitals, breweries, and food 
and petroleum processing plants. Agriculture, electro- 
plating, mining, marine, and power generation opera- 
tions require that the quality of water or the makeup of 
a liquid solution be known. See Figure 8-7. 
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The unit of conductance is the siemens (S). Con- 
ductivity is commonly measured between the sides of 
a 1 cm cube of the material under test. This measure- 
ment indicates the conductivity in units of siemens/cen- 
timeter (S/cm). The unit S/cm is too large for most 
solutions. For this reason, the unit of conductivity on 
most conductivity meters is mS/cm or mS/cm. 
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Conductivity Measurement 


For best results, use a meter that has automatic tem- 
perature compensation. See Figure 8-8. 


CONDUCTIVITY MEASUREMENT 
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To measure conductivity with a conductivity meter, 
apply the procedure: 


1. Turn ON the meter. 


2. Set the meter to the highest range (or expected 
range). 


3. Mix the solution (if possible) and/or take several 
different readings at different locations. Fill a 
glass container with a sample of the solution to 
be tested. Average the readings if several differ- 
ent readings are taken. 


Caution: To avoid inaccurate measurements, ensure 
the solution under test (around the meter probe) is rep- 
resentative of the solution as a whole. 


4. Place the measuring probe in the solution to be 
tested. Keep the probe in the solution until the 
reading has stabilized. 


5. Read the conductivity displayed on the meter. 


Temperature 


Temperature is the measurement of the intensity of 
heat. Temperature is normally measured in degrees 
Fahrenheit (°F) or degrees Celsius (°C). The amount 
of temperature at a location can be measured using a 
contact thermometer or infrared meter. A contact 
thermometer is an instrument that measures tempera- 
ture at a single point. An infrared meter is a meter 
that measures heat energy by measuring the infrared 
energy that a material emits. АП materials emit in- 
frared energy in proportion to their temperature. See 
Figure 8-9. 
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meter possible. 


Contact Thermometer Temperature 
Measurement 


Measuring hot devices presents a safety hazard. En- 
sure that proper equipment is used and that safety pre- 
cautions are taken. Use a temperature probe that is rated 
higher than the highest possible temperature and al- 
ways wear Safety glasses. See Figure 8-10. 
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Warning: Avoid contact with any material that can 
cause burns. 


То measure temperature using a contact thermom- 
eter, apply the procedure: 


1. Select a temperature probe. A probe must have a 
higher temperature rating than the highest tem- 
perature it may contact and should have a shape 
that allows good contact with the device under 
test. 


2. Connect the temperature probe to the meter. 


3. Set the meter to the correct temperature range. 
Select the highest range if the temperature is un- 
known. 


4. Place the temperature probe tip on the object or 
in the area to be measured. 


5. Read the temperature displayed on the meter. 


6. Remove the temperature probe from the object or 
area under test. 


Infrared Meter Temperature Measurement 


An infrared meter displays an image on a screen that 
shows different temperatures indicated by different 
colors or gives a direct digital temperature readout. See 
Figure 8-11. 
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CONTACT THERMOMETER TEMPERATURE MEASUREMENT 
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Warning: Avoid contact with any material that can To determine temperature differential between am- 
bient temperature and the area of increased tempera- 


ture, subtract the ambient temperature reading from the 
reading obtained for the area of increased temperature. 


cause burns. 


To measure temperature using an infrared meter, ap- 


ply the procedure: 
3. Take the ambient temperature reading for reference. 


1. Aim meter at area to be measured. Focus meter 
based on the distance the object is from the meter. 
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Speed 


Speed is the rate at which an object is moving. Speed 
of a rotating object is measured in revolutions per 
minute (rpm). The speed of a rotating object can be 
measured using a contact tachometer, photo tachom- 
eter, or strobe tachometer. See Figure 8-12. 

А contact tachometer is a device that measures the 
rotational speed of an object through direct contact of 
the tachometer tip with the object to be measured. A 
contact tachometer measures speeds from .1 rpm to 
25,000 rpm. A photo tachometer is a device that mea- 
sures the speed of an object without direct contact with 
the object. Photo tachometers measure speeds from 1 
rpm to 99,999 rpm. A strobe tachometer is a device 
that uses a flashing light to measure the speed of a 
moving object. Strobe tachometers measure speeds 
from 20 rpm to 1,000,000 rpm. 


Contact Tachometer Speed Measurement 


A contact tachometer must be "placed in contact with 
the shaft of the rotating object. See Figure 8-13. 
Warning: Exercise caution when working around 
moving objects. Use a photo or strobe tachometer if 
there is danger of contact with a moving object. 
To measure speed with a contact tachometer, apply 
the procedure: 
]. Place the tip of the tachometer in direct contact 
with the moving object. 


2. Read the speed displayed on the meter. 
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CONTACT TACHOMETER 
SPEED MEASUREMENT 


Photo Tachometer Speed Measurement 


A photo tachometer measures speed by focusing a light 
beam on a reflective area or a section of reflective tape. 
See Figure 8-14. 


Warning: Exercise caution when working around 
moving objects. Turn OFF, lock out, and tag discon- 
nect switches of motors and rotating machinery as re- 
quired. Use a photo or strobe tachometer if there is 
danger of contact with a moving object. 


To measure speed with a photo tachometer, apply 
the procedure: 
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PHOTO TACHOMETER 
SPEED MEASUREMENT 
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1. Turn OFF, lock out, and tag disconnect switches 
of motors or other rotating machinery. 


2. Place reflective tape on the object to be measured. 
Turn ON the motor of machinery. 


4. Point the light beam of the photo tachometer at 
the reflective tape. 


5. Read the speed displayed on the meter. 


Strobe Tachometer Speed Measurement 


A strobe tachometer measures speed by synchronizing 
its light’s flash rate with the speed of the moving ob- 
ject. See Figure 8-15. 

Warning: Exercise caution when working around 
moving objects. Use a photo or strobe tachometer if 
there is danger of contact with a moving object. 

To measure speed with a strobe tachometer, apply 
the procedure: 

1. Set the meter for the best speed range for the ap- 
plication. 


2. Turn the tachometer ON and align the visible light 
beam with the object to be measured. 


3. Read the speed displayed on the meter. 


STROBE TACHOMETER 
SPEED MEASUREMENT 


TURN METER 
ON AND 
ALIGN WITH & 


OBEE a 


KÐ READ DISPLAY 


SET METER 


Figure 8-15 


pH 


pH is the unit of measure that describes the degree of 
acidity or alkalinity of a solution. The unit pH is de- 
rived from p, the mathematical symbol of a negative 
logarithm, and H, the chemical symbol for hydrogen. 


The measurement of pH is useful in applications 
such as water purification, sewage treatment, food pro- 
cessing, electroplating, agriculture, pool and hot tub 
water conditioning, and medical applications. The 
amount of pH can be measured using a pH meter. pH 
is normally measured on a scale of 0 to 14. The num- 
ber 0 represents the highest concentration of acid or 
the lowest concentration of alkalinity, and the number 
14 represents the lowest concentration of acid or the 
highest concentration of alkalinity. See Figure 8-16. 


The pH scale is nonlinear with concentration. А one 
unit change in pH represents a tenfold change in the 
effective strength of the solution. For example, a solu- 
tion of pH 4 is 10 times as strong an acid solution as a 
pH 5 solution. This is why p (mathematical symbol of 
a negative logarithm) is used. 


TECH 
TIP P. urchase a protective case for any meter that 
is likely to be exposed to rough treatment. |! 
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pH Measurement 


For best results, use a meter that has manual or auto- 
matic temperature compensation. See Figure 8-17. To 
measure pH with a pH meter, apply the procedure: 


1. Turn ON the meter. 


2. Measure the temperature of the test solution. Some 
pH meters are also designed to take temperature 
measurements. 


3. Set the manual switch to the temperature of the 
product under test if the meter has a manual tem- 
perature compensation switch. 


4. Mix the test solution (if possible) and/or take sev- 
eral different readings at different locations to 
avoid inaccurate measurements. Ensure the solu- 
tion under test (around the meter probe) is repre- 
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sentative of the solution as a whole. Average the 
readings if several different readings are taken. 


5. Place the measuring probe in the test solution. 
Keep the probe in the solution until the reading 
has stabilized. 


6. Read the pH displayed on the meter. 


pH MEASUREMENT 
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Scopes 


A graphical display of circuit voltage has more mean- 
ing than a numerical value in some troubleshooting situ- 
ations. Circuits that include rapidly fluctuating signals, 
stray signals, and phase shifts are easily detected on a 
graphical display. 

A scope is a device that gives a visual display of 
voltages. A scope shows the shape of a circuit's volt- 
age and allows the voltage level, frequency, and phase 
to be measured. The two basic types of scopes used in 
troubleshooting are oscilloscopes and scopemeters. See 
Figure 8-18. 
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Oscilloscopes 


An oscilloscope is an instrument that displays an in- 
stantaneous voltage. An oscilloscope is used to display 
the shape of a voltage waveform when bench testing 
electronic circuits. Bench testing is testing performed 
when equipment under test is brought to a designated 
service area. Oscilloscopes are used to troubleshoot 
digital circuits, communication circuits, TVs, VCRs, 
and computers. Oscilloscopes are available in basic and 
specialized types that can display different waveforms 
simultaneously. 


Scopemeters 


A scopemeter is a combination oscilloscope and digi- 
tal multimeter. A scopemeter is used to display the shape 
of a voltage waveform when troubleshooting circuits 
in the field. A scopemeter is portable and can be used 
as a multimeter and a scope. A scopemeter does not 
have all the features of a specialized oscilloscope. 


А te if 
А true rms meter is the only type of digital | 
meter that can give an accurate measurement ` 
of nonsinusoidal waveforms. 


Scope Displays 


A scope displays the voltage under test on the scope 
screen. The scope screen contains horizontal and ver- 
tical axes. The horizontal (x) axis represents time. The 
vertical (y) axis represents the amplitude of the volt- 
age waveform. 

The horizontal and vertical lines divide the screen 
into equal divisions. The divisions help to measure the 
voltage level and frequency of the displayed wave- 
forms. See Figure 8-19. 
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Scope Trace 


A trace is established on the screen before a circuit 
under test is connected. A trace is a reference point/ 
line that is visually displayed on the face of the scope 
screen. The trace is normally positioned over the hori- 
zontal center line on the screen. 

The starting point of the trace is located near the 
left side of the screen. Sweep is the movement of the 
displayed trace across the scope screen. The sweep of 
the scope trace is from left to right. See Figure 8-20. 
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Manually-Operated Controls 


Manually-operated controls are adjusted to view a 
waveform. Typical manually-operated scope adjust- 
ment controls include intensity, focus, horizontal po- 
sitioning, vertical positioning, volts/division, and time/ 
division. 

Intensity is the level of brightness. The intensity con- 
trol sets the level of brightness on the displayed volt- 
age trace. The intensity level is kept as low as possible 
to keep the trace in focus. The focus control adjusts 
the sharpness of the displayed voltage trace. 

The horizontal control adjusts the left and right po- 
sitions of the displayed voltage trace. The horizontal 
control sets the starting point of the trace. The vertical 
control adjusts the up and down positions of the dis- 
played voltage trace. See Figure 8-21. 
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The volts/division (volts per division) control se- 
lects the height of the displayed waveform. The set- 
ting determines the number of volts each horizontal 
screen division represents. For example, if a wave- 
form occupies 4 divisions and the volts/division con- 
trol is set at 20, the peak-to-peak voltage (Уру) 
equals 80 V (4 x 20 = 80 V). Eighty volts peak-to- 
peak equals 40 V peak (V aax) (80 + 2 = 40 V). Forty 
volts peak equals 28.28 У (40 x .707 = 28.28 V). 
See Figure 8-22. 


VOLTS PER DIVISION CONTROL 
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The time/division (time per division) control selects 
the width of the displayed waveform. The setting deter- 
mines the length of time each cycle takes to move across 
the screen. For example, if the time/division control is 
set at 10, each vertical screen division equals 10 ms 
(milliseconds). If one cycle of a waveform equals 4 divi- 
sions, the displayed time equals 40 ms (4 x 10 = 40 ms). 
See Figure 8-23. 
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TIME PER DIVISION CONTROL 


What is the frequency of a waveform if one cycle occupies 
4 divisions and the time/division control is set on 10 ms? 
(10 ms = .01 sec) 
1. T = Divisions x Time/Divisions 
T4 x01 
T= .04 sec 


E. if 


4 DIVISIONS 
=== 


SEC/DIV 


TIME/DIVISION 


10 ms/DIVISION 
(.01 SEC) 


Use a meter with a MIN/MAX (minimum 
and maximum) function that holds read- 
ings over time to help determine intermit- 
] tent problems, such as loose connections. 
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To determine the frequency of the displayed wave- 
form, first calculate the period of the waveform and 
then calculate the frequency. To calculate the frequency 
of a waveform, apply the procedure: 


1. Calculate time period. 
To calculate the time period, multiply the number 
of divisions by the time/division setting. 


2. Calculate frequency. To calculate frequency, ap- 
ply the formula: 


1 
fm 
. where 
f = frequency (in Hz) 
1 =constant (for reciprocal relation between fand Т) 
T = time period (in sec) 


Example: Calculating Frequency 


What is the frequency of a waveform if one cycle of 
the waveform occupies 4 divisions and the time/divi- 
sion control is set on 10 ms (10 ms =.01 sec). 

1. Calculate time period. 


Mesas 0 
JP Ex dL see 


2. Calculate frequency. 


1 
іт 
el 
з 
f =25 Hz 


Scope Measurement — AC Voltage 


A scope is connected in parallel with a circuit or com- 
ponent under test. The scope is connected by a probe 
on the end of a test lead. A 1X probe (1 to 1) is used to 
connect the input of the scope to the circuit under test 
when the test voltage is lower than the voltage limit of 
the scope. 


A 10X probe (10 to 1) is used to divide the input volt- 
age by 10. The scope voltage limit equals 10 times the 
normal rated voltage when a 10X probe is used. The 
amount of measured voltage displayed on the scope 
screen must be multiplied by 10 to obtain the actual cir- 
cuit voltage when using a 10X probe. For example, if the 
measured scope voltage is 25 V when using a 10X probe, 
the actual circuit voltage is 250 V (25 V x 10 = 250 V). 
See Figure 8-24. 


To use a scope to measure AC voltage, apply the 
procedure: 


1. Turn the power switch ON and adjust the trace 
brightness on the screen. 


2. Set the AC/DC control switch to AC. 


3. Set the volts/division control to display the volt- 
age level under test. Set the control to the highest 
value if the voltage level is unknown. 


4. Connect the scope probe to the AC voltage under 
test. 


5. Adjust the volts/division control to display the 
full waveform of the voltage under test. 


6. Set the time/division control to display several 
cycles of the voltage under test. 


7. Adjust the waveform by using the vertical con- 
trol to set the lower edge of the waveform on one 
of the lower lines. 

8. Measure the vertical amplitude of the waveform 
by counting the number of divisions displayed 
(ag, 
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To calculate Vms: first calculate V, p- Vp-p is calcu- 
lated by multiplying the number of divisions by the 
volts/division setting. For example, if a waveform oc- 
cupies 4 divisions and the volts/division setting is 10, 
Vp-p equals 40 V (4 x 10 = 40 V). Vmax equals 20 V 
(40 — 2.2 20 V). 


SCOPE MEASUREMENT - AC VOLTAGE 
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V max i$ multiplied by .707 to find V ms. For example, if 
V max 15 20 V, Vims equals 14.14 V (20 V x .707 = 14.14 V). 
У ms 15 the value of the voltage under test as measured 
on a voltmeter. 


Scope Measurement — Frequency 


In AC applications such as variable frequency motor 
drives, it may be necessary to measure the frequency 


in the circuit. A frequency meter should be used in 
applications where high accuracy is required. A 
scopemeter gives an adequate reading in most fre- 
quency measurement applications. A scopemeter also 
shows any distortion present in the circuit under test. 


To measure frequency, the scope probes are con- 
nected in parallel with the circuit or component under 
test. See Figure 8-25. 
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To use a scope to measure frequency, apply the 
procedure: 


1. Turn the power switch ON and adjust the trace 
brightness. 


2. Set the AC/DC control switch to AC. 


3. Set the volts/division control to display the volt- 
age level under test. Set the control to the highest 
value if the voltage level is unknown. 


4. Connect the scope probe to the AC voltage under 
test. 


5. Adjust the volts/division control to display the 
vertical amplitude of the waveform under test. 


6. Setthe time/division control to display approxi- 
mately two cycles of the waveform under test. 


7. Set the vertical control so that the center of the 
waveform is on the centerline of the scope screen. 


8. Set the horizontal control so that the start of one 
cycle of the waveform Begins at the vertical 
centerline on the scope screen. 


9. Measure the number of divisions between the start 
point and end point of one cycle. 


To determine frequency, multiply the number of di- 
visions by the time/division setting. This value is the 
time period for one cycle. To determine the frequency 
of the waveform, divide the time period by 1. 


p Open test leads may pick up stray signals when li 
exposed to large RF or other AC fields or when || 
the red probe tip is touched by the operator. ‘|| 

| 


i 


Example: Calculating Frequency 


What is the frequency if one cycle of a waveform 
occupies 5 divisions and the time/division setting is 20 
ms (microseconds). 

]. Calculate time period. 
T = 5 x .00002 
T 0001 sec 
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2. Calculate frequency. 


1 
f= І 
1 
f= 0001 
f = 10,000 Hz 


Scope Measurement – DC Voltage 


To measure AC voltage using a scope, a test probe is 
connected to the point in the circuit where the DC volt- 
age is to be measured. The ground lead of the scope is 
connected to the ground of the circuit. The voltage is 
positive if the trace moves above the center line. The 
voltage is negative if the trace moves below the center 
line. See Figure 8-26. 


To use a scope to measure DC voltage, apply the 
procedure: 


1. Turn the power switch ON and adjust the trace 
brightness. 


2. Setthe AC/DC control switch to DC. 


3. Setthe volts/division control to display the volt- 
age level under test. Set the control to the highest 
value possible if the voltage level under test is 
unknown. 


4. Connect the scope probe to the ground point of 
the circuit under test. 


5. Set the vertical control so that the displayed line 
is in the center of the screen. The displayed line 
represents 0 VDC. 


6. Remove the scope probe from ground point and 
connect it to the DC voltage under test. The dis- 
played voltage moves above or below the scope 
centerline depending on the polarity of the DC 
voltage under test. 


7. Measure the vertical amplitude of the voltage from 
the centerline by counting the number of divisions 
from the centerline. 


The number of displayed divisions is multiplied 
by the volts/division setting to determine the DC volt- 
age under test. For example, if a waveform is located 
at 3 divisions above the centerline and the volts/divi- 
sion control is set at 5 V, the voltage equals 15 VDC 
(arx уу 
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SCOPE MEASUREMENT - DC VOLTAGE 
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What is the circuit voltage if the displayed 
voltage is 3 divisions above the centerline 
and the volts/division control is set at 5 V? 
V = Divisions x Volts/Division 

VSS 
V= 15 VDC 


Figure 8-26 


Digital Logic Probes PROBE 


A digital logic probe is a special DC voltmeter that de- 
tects the presence or absence of a signal. Displays on a 
digital logic probe include logic high, logic low, pulse 
light, memory, and TTL/CMOS. See Figure 8-27. 

The high light-emitting diode (LED) lights when the 
logic probe detects a high logic level (1). The low LED 
lights when the logic probe detects a low logic level 
(0). The pulse LED flashes relatively slowly when the 
probe detects logic activity in a circuit. Logic activity 
indicates that the circuit is changing between logic lev- 
els. The pulse light displays the changes between logic LER 
levels because the changes are usually too fast for the 
high and low LEDs to display. 

The memory switch sets the logic probe to detect 
short pulses, usually lasting a few nanoseconds. Any 
change from the original logic level causes the memory 
LED to light and remain ON. The memory LED is the 
pulse LED switch in the memory position. The memory 
switch is manually moved to the pulse position and back 
to the memory position to reset the logic probe. 

The TTL/CMOS switch selects the logic family of in- 


tegrated circuits (ICs) to be tested. Transistor-transistor Wa A digital logic probe can detect small pulses 
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logic (TTL) ICs are a broad family of ICs that employ a ыы а aw Cont А 
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two-transistor arrangement. The supply voltage for TTL 

ICs is 5.0 VDC = 25У. 


Complementary metal-oxide semiconductor 
(CMOS) ICs are a group of ICs that employ MOS tran- 
sistors. CMOS ICs are designed to operate on a supply 
voltage ranging from 3 VDC to 18 VDC. Check circuit 
schematics for CMOS circuit voltages. The supply volt- 
age for CMOS ICs should be greater than —596 of the 
rated voltage. CMOS ICs are noted for their exception- 
ally low power consumption. 


Digital Logic Probe Use 


Digital circuits fail because the signal is lost somewhere 
between the circuit input and output stages. The prob- 
lem is usually solved by finding the point where the 
signal is missing and repairing that area. Repairing 
normally involves replacing a component, section, or 
the entire PC board. 

The power supply voltage is checked with voltme- 
ter if the digital circuit or logic probe has intermittent 
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problems. A logic probe may indicate a high signal, 
but the supply voltage may be too low for proper cir- 
cuit operation. See Figure 8-28. 


To use a digital logic probe, apply the procedure: 


1. Connect the positive (red) power lead to the posi- 
tive side of the circuit's power supply. The posi- 
tive power supply is + 5 VDC for TTL circuits. 


2. Connect the negative (black) power lead to the 
ground side of the circuit's power supply. 


3. Set the selector switch to the logic family (TTL 
or CMOS) under test. 


4. Touch the probe tip to the point being tested. Start 
at the input side of the circuit and move to the 
output of the circuit. 


5. Note the condition of the LEDs on the logic probe. 


Single-shot pulses are stored indefinitely by plac- 
ing the switch in the memory position. 
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Using Abbreviations and Prints 


Electricity and fluid power are used to produce work. 
To produce work, individual components must be in- 
terconnected to control and convert electricity and 
fluid power into heat, light, sound, rotary force, and 
linear force. The interconnected components form 
circuits. Interconnected circuits form systems. Inter- 
connected systems form networks. Circuits, systems, 
and networks must be properly designed, installed, 
and maintained to perform safely. 


Engineers use standard abbreviations, acronyms, 
and symbols to develop prints when designing cir- 
cuits and systems. Prints are used to build and install 
the individual components after a circuit or system 
is designed. Prints are also used when troubleshoot- 
ing and making circuit changes after the circuit or 
system is placed in operation. Electrical, electronic, 
and fluid power components are interconnected to 
perform their required operation(s). For this rea- 
son, the meaning of all abbreviations, acronyms, 
and symbols must be understood when working 
with electrical, electronic, and fluid power circuits. 
See Figure 9-]. 
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Abbreviations and Acronyms 


An abbreviation is a letter or combination of letters 
that represents a word. Abbreviations are used on 
prints, in service manuals, on components, and on 
test equipment. Abbreviations are used to shorten a 
word or phrase. For example, the letter V is used on 
prints to represent volts. An acronym is a word 
formed from the first letter(s) of a compound term. 
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For example, the letters SCR are used to represent 
a silicon controlled rectifier. Abbreviations and ac- 
ronyms may have the same meaning in most (or all) 
technical fields or may have different meanings in 
different technical fields. For example, the acronym 
AC represents alternating current in the electrical, 
electronic, fluid power, and other technical fields. 
However, the abbreviation T represents transformer 
in the electrical/electronic field and torque, thrust, 
or tank in the fluid power field. 


The actual meaning may not be the same even 
when the meaning of an abbreviation or acronym ap- 
pears to be the same in more than one technical field. 
For example, the acronym NO represents normally 
open and the acronym NC represents normally closed 
in the electrical and fluid power fields. However, the 
term NO in the electrical field represents a circuit 
that does not allow power to flow in the normal po- 
sition. In the fluid power field, NO represents a cir- 
cuit that allows power to flow in the normal position. 
For this reason, the meaning of an abbreviation or 
acronym must be understood as it is used in each 
field. See Figure 9-2. See Appendix. 


Symbols 


A symbol is a graphic element that represents a quan- 
tity or unit. Symbols, like abbreviations and acro- 
nyms, are used on prints, in service manuals, on 
components, and on test equipment. Symbols used 
in electrical, electronic, and fluid power diagrams 
show a simplified picture of the various components 
in the circuit. Symbol use enables easier under- 
standing of circuit operation and logic. To trou- 
bleshoot, repair, or replace components, the actual 
component that the symbol represents must be 
known. For example, on a print, the symbol for a 
battery 1s a series of long and short lines. This is 
much different than the actual appearance of a battery 
that is installed in a circuit. See Figure 9-3. 


Power Sources 


A power source is a device that converts various 
forms of energy into electricity. All electrical circuits 
must have a source of power. А power source may 
be chemical (battery), magnetic (generator), heat 
(thermocouple), or solar (photoconductive cell). The 
power source used depends on the application and 
the amount of power required. The power source in 
a circuit is normally the point at which to start when 
reading or troubleshooting a print. See Figure 9-4. 
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Figure 9-2 
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SYMBOLS 


TRANSISTOR 
SYMBOL 


TRANSFORMER 
SYMBOL 


CAPACITOR 
SYMBOL 


RESISTOR 
SYMBOL 


BATTERY 
SYMBOL 


SCHEMATIC DIAGRAM 


Chemical power sources such as batteries convert 
chemical energy into electricai energy. On the sym- 
bol, the long lines represent positive terminals. Plus 
and minus signs are optional. Cells are connected in 
series to increase voltage or are connected in parallel 
to increase current. 


Electrical power such as alternating current (AC) 
is supplied by a generator. Direct current (DC) is 
rectified from AC. AC supply voltage reverses its di- 
rection of flow twice per cycle and does not have a 
definite positive and negative side. DC supply voltage 
flows in one direction only and has a definite positive 
and negative side. 


Heat power sources such as thermocouples convert 
heat energy into electrical energy. They are composed 
of two metals joined at the junction. Electrons flow 
from one metal to the other as heat is applied. 


Solar power sources such as photoconductive cells 
convert light energy into electricity. They use solar 
or photovoltaic cells and produce DC voltage directly 
proportional to the amount of light energy striking 
the cell surface. 


Disconnects and OCPDs 


A disconnect switch (disconnect) is a switch that dis- 
connects electrical circuits from motors and ma- 
chines. The NEC requires a means of disconnecting 
a motor and controller from the circuit. An overcur- 
rent protection device (OCPD) is a disconnect switch 
with a circuit breaker (CB) or fuse added to provide 
overcurrent protection of the switched circuit. Dis- 
connects and OCPDs apply and remove circuit power 
and provide overcurrent protection. See Figure 9-5. 


Disconnects are used to manually remove or apply 
power to a circuit. With few exceptions, they are re- 
quired in circuits that control large loads (over 10 A). 
Overcurrent protection is added to protect the circuit 
conductors, control apparatus, and loads from short cir- 
cuits, grounds, and excessive current levels. Discon- 
nects are used in most motor, high-intensity discharge 
(HID) lighting, and heating applications. 


"x 


An arrow placed across a symbol indicates 
that the component is variable (variable resis- 
tor, variable capacitor, variable flow control | 
valve, etc.). 
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CBs interrupt (disconnect) circuit power when a 
predetermined value of current (in amperes) has been 
exceeded. A CB is reset after the fault is cleared. 
CBs provide short-circuit and overcurrent protection. 
A single-pole CB is used for DC and low-voltage, 
lọ AC circuit protection. A two-pole CB is used for 
high-voltage, 1ф AC circuit protection. A three-pole 
CB is used for 30 AC circuits. A disconnect with 
breakers interrupts circuit power when a predeter- 
mined value of current (in amperes) has been ex- 
ceeded. The disconnect switch is placed before the 
overcurrent protection device. 


Fuses and disconnects with fuses interrupt circuit 
power when a predetermined value of current (in am- 
peres) has been exceeded. The disconnect with fuses 
is replaced after it has blown and the fault is cleared. 
Disconnects with fuses provide overcurrent protec- 
tion and disconnect the circuit. 
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Thermal overloads detect the amount of current 
flowing in a circuit.by sensing heat. The more the 
current flow, the greater the heat. The heat operates 
contacts at a preset temperature. Thermal overloads 
are also known as heaters. 


Contacts 


Contacts are the conducting part of a switch that op- 
erates with another conducting part to make or break 
a circuit. All switches including relays, contactors, 
and starters use contacts to start or stop the flow of 
current in a circuit. The position of the contacts, num- 
ber of poles, number of throws, and type of break 
are used to describe contacts. See Figure 9-6. 


Normally open contacts make or break a circuit. 
Contacts are designed for low-power switching such 
as relays, or for high-power switching such as con- 
tactors or motor starters. Normally closed contacts 
switch low currents. Control^contacts are used in de- 
vices such as pushbuttons, limit switches, relays, etc. 


Single-pole, single-throw, single-break contacts 
make or break one circuit. Single-pole, double-throw, 
single-break contacts divert power to one of two circuit 
paths. Single-pole, double-throw, double-break contacts 
make or break two circuits. Double-pole, single-throw, 
single-break contacts make or break two circuits. 
Double-pole, double-throw, single-break contacts di- 
vert power from two different circuits. Double-pole, 
double-throw, double-break contacts make or break 
four circuits. Multiple contact rotary contacts divert 
power from one circuit to multiple circuits. 


Control Switches 


A control switch is a switch that controls the flow 
of current in a circuit. Switches can be activated 
manually, mechanically, or automatically. Once acti- 
vated, the switch operates contacts. The contacts are 
used to start or stop the flow of current. Control 
switches include selector, limit, proximity, tempera- 
ture, pressure, flow, level, pushbuttons, and foot 
switches. See Figure 9-7. 


A pushbutton is a switch that makes (NO) or 
breaks (NC) a circuit when manually pressed. Sin- 
gle-circuit normally open pushbuttons are one of the 
simplest and most common forms of control. А push- 
button normally consists of one or more contact 
blocks, an operator, and a legend plate. 


CONTACTS 


Abbreviations, Acronyms, and Symbols 127 


CONTACTS 


MECHANICAL 
А a CONTACTS <> 
SOLID-STATE 
CONTACTS 
NORMALLY OPEN 


CONTACT 
yo CLOSED 


NORMALLY CLOSED 


POLE GRO 
TERMINALS 


SINGLE-POLE, 
SINGLE-THROW, 
SINGLE-BREAK 


dn e. 
BREAK BOTH SIDES 


SINGLE-POLE, 
SINGLE-THROW, 
DOUBLE-BREAK 


о? 


о 
SINGLE-POLE, 
DOUBLE-THROW, 
SINGLE-BREAK 


SWITCH 


CLOSED 
CONTACT o o 


SINGLE-POLE, 
DOUBLE-THROW, 
DOUBLE-BREAK 


oto MECHANICALLY 
L— CONNECTED 
026 
DOUBLE-POLE, 
SINGLE-THROW, 
SINGLE-BREAK 


COMMON 
TERMINALS 


[e] 
DOUBLE-POLE, 
DOUBLE-THROW, 
SINGLE-BREAK 


о о 


DOUBLE-POLE, 
DOUBLE-THROW, 
DOUBLE-BREAK 


COMMON 
TERMINAL 
о 


MULTIPLE CONTACT RELAY 


128 ELECTRICAL PRINCIPLES AND PRACTICES 


CONTROL SWITCHES 


[— — MANUAL 
OPERATION SWITCHES MECHANICAL OM 
28 PU (MECHANICAL) OPERATOR 
TERMINALS 
SINGLE CIRCUIT, NORMALLY OPEN NORMALLY OPEN 
olo OPERATOR IN 7 
CLOSED POSITION 


SINGLE CIRCUIT, NORMALLY CLOSED é NORMALLY OPEN, 
Sulis | HELD CLOSED 


OTO о=6 
DOUBLE-CIRCUIT, 
NORMALLY OPEN AND CLOSED д NORMALLY CLOSED 


MUSHROOM 
Q | о OPERATOR fe] 
OPERATOR IN 
о о 


OPEN POSITION 


MUSHROOM HEAD NORMALLY CLOSED, 
HELD OPEN 


PROXIMITY 


H SOLID-STATE 
Н SWITCHES 
i в OR 


NORMALLY OPEN 


Bond. 


NORMALLY CLOSED 


EMPERATUR 
SELECTOR SEIS] RUN POSITION TET ME Э 
SWITCHES SW or SS JOG POSITION 5 


NORMALLY OPEN 


al 


NORMALLY CLOSED 


CONTACTS OPEN PRESSURE 
"X" INDICATES o 
CONTACTS CLOSED SWITCHES PRESSURE xo 
TWO-POSITION 2 рн 
5 NORMALLY OP 


SELT - jog D = down 
SW or SS A = forward 
р 


= automati 
М manual p 
STOP NORMALLY CLOSED 
POSITION 


о 
SWITCHES BOW ' 
OPERATOR 


NORMALLY OP 


TRUTH TABLE | К 


FOR SWITCH 
THREE-POSITION NORMALLY CLOSED 


FOOT FOO i 9 
SWITCHES OPERATOR 924 SWITCHES LEVEL 
o OPERATOR 
NORMALLY OPEN NORMALLY OPEN 
5 


NORMALLY CLOSED NORMALLY CLOSED 


Figure 9-7 


Single-circuit, normally closed pushbuttons break 
a circuit. Double-circuit, normally open and closed 
pushbuttons break and/or make a circuit. Mushroom 
head pushbuttons are used as emergency stop or start 
pushbuttons. Maintained pushbuttons operate a sec- 
ond (interlocking) circuit when one pushbutton is 
pressed. Illuminated pushbuttons give a visual indi- 
cation of circuit condition. 


A selector switch is a switch with an operator that 
is rotated (instead of pushed) to activate the electrical 
contacts. Two-position selector switches make (NO) 
or break (NC) a circuit when manually rotated. The 
basic difference between a pushbutton and a selector 
switch is the method of operation. The operator is 
rotated to open and close the contacts with a selector 
switch. Selector switches are used to select one of 
several different circuit possibilities. Typical machine 
operation includes manual or automatic, low or high, 
up or down, and stop or run. A selector switch can 
be spring-loaded or have maintained positions. 


A limit switch is a switch that converts mechanical 
motion into an electrical signal. Limit switches ac- 
complish this conversion by using a lever to open or 
close contacts within the limit switch enclosure. An 
NC limit switch breaks a circuit. An NO, held closed 
limit switch breaks a circuit when an object holding 
the switch closed is removed. 


A proximity switch is a switch that detects the 
presence or absence of an object without touching 
the object. Proximity switches use solid-state com- 
ponents to start or stop the flow of current. The three 
basic types of proximity switches are inductive, ca- 
pacitive, and magnetic (Hall effect). 


A temperature switch is a switch that responds to 
temperature changes. A temperature switch may be 
used to maintain a specified temperature within a 
process, or to protect against overtemperature con- 
ditions. Temperature switches are available to moni- 
tor the temperature of liquids, air, or surfaces. 


A pressure switch is a switch that opens or closes 
contacts in response to pressure changes in media 
such as air, water, or oil. The electrical contacts may 
be used to stop motors or fans, open or close dampers 
or louvers, or signal a warning light or alarm. 


A flow switch is a switch that senses the movement 
of a fluid. The fluid may be air, water, oil, or other 
gases or liquids. A flow switch is a control switch 
that is normally inserted into a pipe or duct. The 
sensing element is normally a valve or paddle that 
extends into the pipe or duct. This element moves 
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and activates contacts whenever the fluid flow is suf- 
ficient to overcome a spring tension. 


A level switch is a switch that measures and re- 
sponds to the level of a material. The material may 
be water, oil, paint, granules, or other solids. Com- 
mon detection methods include a ball float switch, 
electrodes, photoelectric, and other types of trans- 
mitter and receiver devices. 


A foot switch is a control switch that is operated 
by a person's foot. A foot switch allows free use of 
hands while providing for manual control of a ma- 
chine. Many foot switches include a guard to prevent 
accidental operation. 


Relays and Timers 


A relay is a device that controls one electrical circuit 
by opening and closing contacts in another circuit. 
Relays multiply the number of available output con- 
tacts or permit a small current to switch a high current. 
The two basic types of relays are electromechanical 
and solid-state relays. An electromechanical relay is 
a relay that has sets of contacts which are closed by 
a magnetic force. A solid-state relay is a relay that 
uses electronic switching devices in place of me- 
chanical contacts. See Figure 9-8. 


Electromechanical relays switch small currents in 
a control circuit. The control relay consists of an elec- 
tromagnet that moves an armature which operates one 
or more sets of contacts. Electromechanical relays 
may include all NO, all NC, or any combination of 
contacts. Industrial relays allow contacts to be 
changed to either NO or NC. 


Solid-state relays interface electronic circuits to 
high power electrical circuits. The control relay de- 
pends on electronic devices such as SCRs and 
triacs to switch the current flow. An NO solid-state 
relay makes a circuit. An NC solid-state relay 
breaks a circuit. 


A timer is a control device that uses a preset time 
period as part of the control function. Timers have 
mechanical contacts or solid-state switching devices. 
The two most common timers are ON-delay and OFF- 
delay timers. 


ЗЕТЕ 


ТЕСН On circuit line diagrams, components are 
TIP numbered in sequential order starting in the 
upper left and moving from left to right, top 

to bottom. 
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An ON-delay timer is a timer that delays for a 
predetermined time after receiving a signal to activate 
or turn ON before the timer's contacts are changed 
from their normal condition. NO contacts close and 
NC contacts open after the predetermined time pe- 
riod. NO timed closed ON-delay timers make a cir- 
cuit after time delay. NC timed open ON-delay timers 
break a circuit after time delay. 


An OFF-delay timer is a timer that delays for 
a predetermined time period when the timer no 
longer receives a signal to stay activated or is 
turned OFF before the timer contacts return to their 
normal condition. NO contacts open and NC con- 
tacts close after the predetermined time period. NO 
timed open OFF-delay timers make a circuit and 
delay the breaking of a circuit. NC timed closed 
OFF-delay timers break a circuit and delay the 
making of a circuit. 


Contactors and Motor Starters 


A contactor is a control device that uses a small con- 
trol current to energize or de-energize the load con- 
nected to it. Contactors turn ON and OFF high 
current loads that do not require overload protection. 
They are used to switch lights, heating elements, and 
solenoids. These loads require overcurrent protection, 
but not overload protection. See Figure 9-9. 


A contactor includes a coil, NO contacts, and NC 
contacts. Contactors switch loads ON or OFF when 
a control switch energizes the coil. The coil operates 
the high-current contacts. NO contacts make a cir- 
cuit. NC contacts break a circuit. 


A motor starter is an electrically-operated switch 
(contactor) that includes motor overload protection. 
Motor starters may be mechanical or solid-state. Motor 
starters include a coil, which may be single-voltage or 
dual-voltage, overload protection, and contacts. 


The coil switches loads ON or OFF when ener- 
gized by a control switch. The coil operates high- 
current contacts. Overload protection, in addition to 
overcurrent protection, is required with motor loads. 
Overload protection is provided by thermal or mag- 
netic overload elements that operate overload con- 
tacts. The overload contacts are used in the control 
circuit to remove the motor from power during an 
overload. Overload protection protects the motor 
when running. Overcurrent protection is provided by 
fuses and circuit breakers. Overcurrent protection 
protects the motor when starting. 
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CONTACTORS AND MOTOR STARTERS 
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Motor starters include high-power contacts for 
switching the motor and normally include additional 
low-power relay contacts that can be used in the con- 
trol circuit. The high-power NC contacts in a motor 
starter turn a motor OFF when opened. The high- 
power NO contacts in a motor starter turn the motor 
ON when closed. The low-power NO contacts may 
be used to sound an alarm. The low-power NC 
contacts may be used to run additional loads ON any 
time the motor starter is OFF. 
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Solenoids 


A solenoid is an electric output device that converts 
electrical energy into a linear mechanical force. A 
solenoid has an electromagnet that moves an iron 
plunger when powered. The plunger transmits the 
force created by the solenoid into useful work. 


Solenoids produce linear motion whenever power 
is applied (or removed if spring-loaded) from the 
coil. The moving plunger is used to control electrical 
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contacts, as in a contactor, or can be used directly 
to move nonelectrical devices, such as the spool of 
a valve. See Figure 9-10. 


SOLENOIDS 


Resistors 


Electrical resistance is opposition to the flow of elec- 
trons through any material. A resistor is a device 
that limits the current flowing in an electronic circuit. 
Resistors are classified by their resistance value (in ©) 
and their power dissipation (in W). See Figure 9-11. 
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Resistors are used for dividing voltage, reducing 
voltage, developing heat, and limiting current. Re- 
sistors may be fixed, variable, or tapped. A fixed re- 
sistor is a resistor with a set value, such as 100 Q. 
A variable (adjustable) resistor is a resistor with a 
set range of values, such as 0 Q to 1000 Q. A tapped 
resistor is a resistor that contains fixed tap points of 
different resistances. 


A thermistor is a device that changes resistance 
with a change in temperature. Thermistors are semi- 
conductor devices. The two types of thermistors are 
the positive temperature coefficient (PTC) and the 
negative temperature coefficient (NTC) thermistors. 
А РТС thermistor is a thermistor that has an increas- 
ing resistance value with an increase in temperature. 
An NTC thermistor is a thermistor that has a decreas- 
ing resistance value with an increase in temperature. 
The NTC is the most common type of thermistor. 


Capacitors and Diodes 


Capacitance is the ability to store energy in the form 
of an electrical charge. Capacitance is the property 
of an electric device that permits the storage of elec- 
trically separated charges when potential differences 
exist between the conductors. A capacitor is an elec- 
tric device designed to store electrical energy by 
means of an electrostatic field. Capacitors are used 
as filters in AC circuits, to block DC voltages in elec- 
tronic circuits, and to improve torque in motors. See 
Figure 9-12. 


Capacitors include fixed, variable, and electrolytic 
polarized. Once the capacitors are discharged, they 
must be recharged. Tolerance of some capacitors is 
indicated by a letter code following the number. 


A diode is a semiconductor device that offers very 
high opposition to current flow in one direction and 
very low opposition to current flow in the opposite 
direction. Diodes are also known as rectifiers because 
they change AC into pulsating DC. Diodes are rated 
according to their type, voltage, and current capacity. 
The most common types of diodes include zener, tun- 
nel, photoconductive, and light-emitting diodes 
(LEDs). Diodes are available in current ranges of a 
few milliamps to over 1000 A. A diode bridge rec- 
tifier provides a full-wave DC output. 


A zener diode is a diode designed to operate in 
a reverse-biased mode without being damaged. Zener 
diodes operate as a voltage regulator in an electronic 


circuit. Zener diodes allow varying amounts of re- 
verse current to flow through them and continue to 
maintain a relatively constant voltage drop when re- 
verse biased. 
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A tunnel diode is a diode designed so that the 
current flowing through the diode decreases with an 
increase in applied voltage for a specified range of 
forward voltage. Tunnel diodes operate as an ampli- 
fier or oscillator in an electronic circuit. Tunnel di- 
odes exhibit negative resistance when operated within 
a specific range of forward voltage. Tunnel diodes 
are used in logic circuits and for level sensing. 


A photoconductive diode is a diode that conducts 
current when energized by light. Photoconductive di- 
odes decrease resistance as light increases. The diode 
is made of a photosensitive material that decreases 
in resistance with an increase in light. 


An LED is a diode that emits light when forward 
current is applied. In an LED, light is produced when 
current is passed through the diode. LEDs are com- 
monly used as visual indicators because they have a 
very long life. 


Thyristors 


A thyristor is a solid-state switching device that 
switches current ON by a quick pulse of control cur- 
rent. Thyristors are used as solid-state switches. They 
are designed to be either ON or OFF. In the ON 
position, they allow current to flow in the circuit. In 
the OFF position, they block the flow of current in 
the circuit. See Figure 9-13. 


Once thyristors are switched ON, no further control 
current is required to keep them ON. A thyristor is 
switched OFF only when the current flowing through 
the thyristor reaches zero. Thyristors can switch cur- 
rents from a few milliamperes to over 1000 A. The 
three basic types of thyristors are silicon controlled 
rectifiers (SCRs), diacs, and triacs. 


A silicon controlled rectifier (SCR) is a three-ter- 
minal semiconductor thyristor that is normally an 
open circuit until a signal applied to the gate switches 
it to the conducting state in one direction. SCRs 
switch direct current. If two SCRs are placed in an 
anti-parallel configuration, they can be used to switch 
alternating current. Anti-parallel SCRs are often used 
when switching high currents. 
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top to bottom on electrical line diagrams. 
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A diac is a thyristor that triggers in either direction 
when its breakover voltage is exceeded. Diacs allow 
current to flow in either direction once it reaches a 
rated breakover voltage. The diac functions like an 
open switch (in both directions) until a set value of 
voltage is reached. At this voltage level, the diac con- 
ducts current. Once the diac starts conducting cur- 
rent, it continues until the current is reduced to a 
minimum level. 

A triac is a three-terminal semiconductor thyristor 
that is triggered into conduction in either direction 
by a small current to its gate. Triacs switch alternat- 
ing current. 


Transistors 


A transistor is a solid-state device that is used as a 
switch or an amplifier. Transistors are three-element 
devices that are made of semiconductor material. 
They are part of almost all electronic circuits. Tran- 
sistors are used to start or stop (switch) current flow 
or to increase (amplify) current flow in DC circuits. 
See Figure 9-14. 
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Transistors may be NPN, PNP, unijunction, and 
junction field-effect transistors and phototransistors. 
An NPN transistor is a transistor that is formed by 
sandwiching a thin layer of P-type material between 
two layers of N-type material. A PNP transistor is 


a transistor formed by sandwiching a thin layer of 
N-type material between two layers of P-type mate- 
rial. NPN and PNP transistors function as a switch. 
They start, stop, or increase the flow of current in a 
DC circuit. They may also function as amplifiers in 
allowing a very small current to control a much larger 
current. A unijunction transistor (UJT) is a transistor 
consisting of N-type material with a region of P-type 
material doped within the N-type material. A UJT is 
used in timer circuits and gate control for SCRs. A 
junction field-effect transistor (JFET) is a device in 
which output current is controlled by the voltage on 
the input. i 


A phototransistor is a transistor that controls the 
amount of current flowing through the emitter/base 
junction based on the amount of light. Phototransis- 
tors include NPN and PNP transistors. There is an 
increase of current flow with an increase in light. A 
phototransistor is a combination of a photodiode and 
transistor. 


Digital Logic Gates 


A digital logic gate is a circuit that performs a special 
logic operation such as AND, OR, NOT, NOR, 
NAND, and exclusive OR. Digital logic gates are 
used in most electronic circuits. See Figure 9-15. 


Digital circuits operate on binary signals. Binary 
signals have two states. The signal is either high (1) 
or low (0). A high signal is normally 5 V, bui can 
range from 2.4 V to 5 V. A low signal is normally 
0 V, but can range from 0 V to .8 V. 


An AND gate is a digital logic gate that provides 
a logic level 1 only if all inputs are at logic level 1. 
An OR gate is a digital logic gate that provides a 
logic level 1 if one or more inputs are at logic level 
1. A NOT gate is a digital logic gate that provides 
an output that is the opposite of the input. A NOR 
gate is a digital logic gate that provides a logic level 
0 if one or more inputs are at logic level 1. A NAND 
gate is a digital logic gate that provides a logic level 
0 only if all inputs are at logic level 1. An exclusive 
OR gate is a digital logic gate that provides a logic 
level 1 only if one, but not both of the inputs are at 
logic level 1. 


OR GATES 
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Coils 


A coilis a winding consisting of insulated conductors 
arranged to produce magnetic flux. Coils are also 
known as inductors or chokes. Coils are made by 
winding a length of conductor around a core. The 
conductor is normally copper wire coated with a thin 
layer of enamel insulation. When current flows 
through the coil, the magnetic field developed by the 
coil opposes a change of current in the circuit in 
which the coil is used. See Figure 9-16. 


Coils may be air core, iron core, tapped core, and 
adjustable core coils. An air core coil is a coil with 
an air core that develops a magnetic field when cur- 
rent passes through the coil. An iron core coil is a 
coil with an iron core added to increase the strength 
of the magnetic field. A tapped core coil is a coil 
with taps for selecting different magnetic field 
strengths. An adjustable core coil is a coil with a 
means for varying the magnetic field. Adjustable core 
coils are used in tuning circuits. 
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Transformers 


A transformer is an electric device that uses electro- 
magnetism to change voltage from one level to an- 
other or to isolate one voltage from another. 
Transformers have no moving parts. Voltage is 
changed through the interaction of the coils' magnetic 
fields. The voltage is applied to the primary coil and 
the loads are connected to the secondary coil. See 
Figure 9-17. 


Transformers may have an air core or iron core. 
An iron core in a transformer increases the strength 
of the electromagnetic induction. А control circuit 
transformer is a transformer used to provide power 
for a machine or system control circuit. Control cir- 
cuit transformers have a dual-voltage input, normally 
230/460 VAC. Output is normally 115 VAC. 


An autotransformer is a transformer that changes 
voltage level using the same common coil for both 
the primary and secondary sides. Taps allow for volt- 
age adjustments. 


A current transformer is a transformer that meas- 
ures the amount of current flowing through a wire 
by measuring the strength of the magnetic field 
around the wire. Current transformers are used in 
solid-state overloads and instruments. 
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A motor is a machine that develops torque (rotating 
mechanical force) on a shaft which is used to produce 
work. Electric motors convert electrical energy into 
mechanical energy. Motors accomplish this by pro- 
ducing rotary motion. The rotary motion is developed 
by the opposition of magnetic fields within the motor. 
See Figure 9-18. 


The two types of magnetic fields in a motor that 
produce rotation are the stationary field and the ro- 
tating field. The stationary field is known as the stator 
in AC motors and the field in DC motors. The rotating 
field is known as the rotor in AC motors and the 
armature in DC motors. The shaft of the motor is 
connected to the rotating magnetic field. 


Direct current motors include an armature, series 
field, shunt field, and interpoles. The armature is the 
rotating field. The series field is the stationary field. 
Interpoles are used to reduce sparking at the brushes 
of large DC motors. 
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MOTORS 
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A DC series motor is a DC motor that has the 
field connected in series with the armature. It is used 
as a traction motor because it produces the highest 
torque of all DC motors. A DC shunt motor is a DC 
motor that has the field connected in parallel with 
the armature. It is used where constant or adjustable 
speed is required and starting conditions are moder- 
ate. A DC compound motor is a DC motor that has 
one field connected in series with the armature and 
the other field connected in parallel with the field. 
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It is used when a high starting torque and constant 
speed are required. A DC permanent-magnet motor 
is a DC motor that has only armature connections 
and no field connections. It is used in applications 
in which the motor is only required to run for a short 
time, such as in automobile power windows and 
power seats. 


An alternating current motor is a motor that op- 
erates on AC. Alternating current motors include 16 


138 ELECTRICAL PRINCIPLES AND PRACTICES 


single- or dual-voltage, 16 two-speed single-voltage, 
and 36 single- or dual-voltage motors. Single-phase 
two-speed single-voltage motors are used when more 
than one fixed speed is required. Three-phase single- 
or dual-voltage motors are the standard industrial mo- 
tors used in sizes from fractional HP to over 500 HP. 


Lights, Alarms, and Meters 


In some electrical circuits, a visual or audible indi- 
cation of the circuit condition is required. A light 
can be used to indicate the presence or absence of 
voltage in part of a circuit, but not the amount. Lights 
produce visual signals. See Figure 9-19. 
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Lights include pilot, indicator, neon AC, and neon 
DC lights. A pilot light is a light that provides illu- 
mination or gives a visual indication of the presence 
or absence of power in part of a circuit, When used 
in control circuits, they are known as indicating or 
pilot lights. Pilot lights generally include a nameplate 
that tells the meaning of the light such as “motor 
ON,” “gate open," “tank filled," etc. 


Alarms are used if the application calls for an 
audible indication of circuit condition. Alarms in- 
clude bells, horns, and buzzers. Alarms are generally 
used to signal a problem. They can be connected to 
recycle timers to give different signals, such as long 
or short blasts from the same alarm. 


A meter is used if a visual indication of the amount 
of an electrical property is required. Meters include 
voltmeters, ammeters, wattmeters, and frequency 
meters. Meters measure or monitor the condition 
and properties of an electrical circuit. In some ap- 
plications, meters are connected as a permanent part 
of the circuit. In other applications, they are con- 
nected temporarily for troubleshooting or measuring 
purposes. 


General Wiring 


General wiring is the wiring used to connect elec- 
trical components in a circuit. Electrical circuits are 
made of interconnected components. Wire is gener- 
ally used to connect the components. Using and trac- 
ing the wiring circuit is required when installing new 
equipment, troubleshooting, and when trying to un- 
derstand the circuit. See Figure 9-20. 


The wire size determines the amount of current 
that the wire may safely carry. The larger the wire, 
the greater the current-carrying capacity. Copper wire 
may carry a higher current than aluminum wire for 
a given wire size. Wire is normally coated with an 
insulating material. The insulating material comes in 
many different colors. The different colors help in 
monitoring the wires’ usage. For example, in resi- 
dential wiring, black is used as a hot wire, white as 
a neutral wire, red as a switched wire, and green as 
a ground wire. 


ач Á— —À 


m ÀLà — — 


| TECH Color has meaning on prints. For example, black 


Ká represents negative (ground) in electronic prints 


and meters, and hot (ungrounded) in residential 
and industrial wiring. | 


A 


GENERAL WIRING 


Al = Aluminum 
Cu = Copper 
POWER 


CONTROL 


WIRE SIZE 
AND TYPE 
USUALLY 
LISTED 


SEES CURRENT WIRE NOT CONNECTED 
TYPE = WHERE IT DOT 
CAN BE INDICATES 
USED CONNECTION 


WIRE CONNECTED 


GROUND 


be SHIELD 
z CONDUCTOR 


SHELO 


i MALE PART 


A FEMALE PART 
PLUG AND RECEPTACLE 
EACH LINE 


REPRESENTS 
ONE WIRE 


GROUPING OR WIRES 
IN A BUNDLE 


Fluid Pumps and Conditioners 


A fluid pump is a pump that converts mechanical 
power to hydraulic or pneumatic power by pushing 
the fluid into the system. Pumps are classified as 
positive-displacement or non-positive displace- 
ment. А positive displacement pump is a pump that 
delivers a definite quantity of fluid for every 
stroke, revolution, or cycle. A non-positive displace- 
ment pump is a pump that circulates or transfers fluid. 
See Figure 9-21. 
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Fluid pumps may be fixed displacement pumps or 
variable displacement pumps. A fixed displacement 
pump is a pump that develops a fixed amount of flow 
for a given pump speed. Displacement is only 
changed by changing the drive speed of the pump. 
A variable displacement pump is a pump in which 
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the amount of flow is manually adjusted or automat- 
ically adjusted without changing the pump speed. 


А fluid conditioner is a device that maintains clean 
fluid in the system. Fluid systems and components 
require clean fluid (air or oil) to operate properly. 
Fluid conditioners include filters, filters with drain, 
lubricators, lubricators with drain, and heat exchang- 
ers. A filter is a device that removes solid contami- 
nants from a fluid power system. A filter with drain 
is a device that removes contaminants and moisture 
from a fluid power system. A lubricator is a device 
that adds lubrication to pneumatic systems. А lubri- 
cator with drain is a device that adds lubrication and 
removes moisture from a pneumatic system. A heat 
exchanger is a device that removes heat from the 
fluid in a hydraulic system. 


Fluid Actuators 


The pressurized fluid in a hydraulic or pneumatic 
system must be converted back to mechanical power 
after it is transmitted to the point where it is to be 
used. A fluid actuator is a device that converts fluid 
power to mechanical power. Fluid actuators include 
cylinders, fluid power motors, and oscillators. See 
Figure 9-22. 


A cylinder is a device that converts fluid energy 
into a linear mechanical force. Cylinders include 
single-acting, double-acting, and double-end rod 
cylinders. Single-acting cylinders provide a high 
force in one direction. Double-acting cylinders pro- 
vide a high force in two directions. Double-end rod 
cylinders provide a pushing and pulling force when 
the cylinder rod is moving in one direction. 


Fluid power motors include fixed displacement, 
variable displacement, and reversible motors. A fixed 
displacement fluid power motor is a fluid power mo- 
tor that provides rotary motion and drives a load in 
one direction. А variable displacement fluid power 
motor is a fluid power motor that drives a load in 
one direction and provides a variable output. A re- 
versible fluid power motor is a fluid power motor 
that can drive a load in two directions. 


A fluid power oscillator is a device that moves 
in fixed increments each time fluid pressure is ap- 
plied. Typical increments are 15°, 30°, 45°, 90°, 
120°, and 180°. 
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Directional Control Valves 


A directional control valve is a valve that connects, 
disconnects, or directs the fluid pressure from one 
part of a circuit to another. A directional control valve 
is commonly connected immediately before an ac- 
tuator to control that actuator’s movement. See Fig- 
ure 9-23. 
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Valve symbols are composed of one or more en- 
velopes containing lines that represent flow paths and 
flow conditions between the ports. An envelope is a 
pictorial representation of what is occurring inside a 
valve for one given position. A valve has one enve- 
lope for each valve position. The number of valve 
positions is determined by the design of the valve. 


Directional control valves include two-way, two- 
position; three-way, three-position; four-way, two-po- 
sition; two-way, NO; two-way, NC; three-way, NC; 
and four-way, three-position valves. 


Two-way, two-position valves allow or stop fluid 
flow. They are used as shutoff, check, or quick ex- 
haust valves. Three-way, two-position valves allow 
or stop fluid flow and provide an exhaust. They are 
used to control single-acting cylinders and nonrever- 
sible motors. Four-way, two-position valves direct 
fluid flow to alternating ports. They are used to con- 
trol double-acting cylinders and reversible motors. 
Two-way, NO valves allow fluid flow in the spring 
position. Two-way, NC valves stop fluid flow in the 
spring position. Three-way, NC valves stop fluid flow 
in the spring position and provide a path to exhaust. 
Four-way, three-position valves provide two working 
positions and one neutral (center) position. 


Ап actuator is a device that moves the spool of 
a valve. Valve actuators may be manual or automatic. 
Valve actuators include solenoids, palm buttons, lev- 
ers, foot actuators, springs, detents, and pilots. Fluid 
power valves can have one or more actuators per 
valve. Solenoids are used to electrically change the 
valve position. A palm button actuator is a device 
that is manually operated by a person's hand to 
change the valve position. A lever actuator is an ac- 
tuator that changes the valve position using a lever. 
A foot actuator is an actuator that changes the valve 
position manually by using a person's foot. A spring 
actuator is an actuator that automatically returns a 
valve to a set position. A detent actuator is a device 
that automatically holds a valve in its last position. 
A pilot actuator is an actuator that changes the valve 
position with air or oil force. 


operate with minimal frictional resistance and 
working pressures of around 90 psi. 


fA Industrial pneumatic systems are designed to 
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Control Valves 


A control valve is a valve that sets the flow or pres- 
sure of fluid or air in the circuit. A flow control valve 
is a valve used to control the volume of fluid that 
flows in a part of the circuit. The speed of cylinder 
and motors is controlled by controlling the rate of 
flow in the system. Pressure control valves control 
the pressure in the fluid power system. Their function 
is to relieve pressure (pressure relief), begin another 
function (sequence) in the system, or reduce pressure 
(pressure reducing). See Figure 9-24. 
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Flow control valves include fixed control valves, 
variable control valves, and flow control with 
check valve. Fixed valves control the volume of 
fluid flowing in that part of the circuit. The flow 
rate of variable control valves can normally be 
changed from 0% to 100%. The flow rate of a flow 
control with check valve can be changed but the flow 
is allowed in only one direction. 

A pressure relief valve is a valve that limits the 
amount of pressure in a fluid power system. A pres- 
sure relief valve protects the pump and its driver (nor- 
mally an electric motor) from overloading. The valve 
opens at a high pressure setting. 

A sequence valve is a valve that directs fluid from 
one part of a circuit to another part only after the 
pressure has reached a set value. Sequence valves 
sequence the movement of different cylinders. 

A pressure-reducing valve is a valve that reduces 
the pressure in one part of a circuit. Pressure on the 
output side can normally be adjusted from 0% to 
100% of input pressure. 


Miscellaneous Fluid Power Components 


In addition to the main components in fluid power 
circuits, additional components are required for spe- 
cialized functions. Miscellaneous fluid power com- 
ponents include check valves, pressure gauges, air 
mufflers, manual shutoff valves, pressure accumula- 
tors, and connecting lines. See Figure 9-25. 


А check valve is a valve used to allow the fluid 
to travel in only one direction. A pressure gauge 
is a device used to indicate pressure at given points 
in the system. Pressure gauges monitor and display 
system pressure. Ап air muffler is a device that 
reduces the noise that is made when air passes 
through a restriction. Air mufflers control noise from 
the air valve exhaust ports. A manual shutoff valve 
is a valve that is manually operated to shut OFF or 
apply fluid power. An accumulator is a device that 
stores fluid under pressure. Accumulators reduce the 
required pump size, provide additional volume in part 
of a circuit when required, and act as a shock ab- 
sorber. Pressure can be developed from a spring, air 
charge, or weight. 

Connecting lines include main (solid), pilot 
(dashed), exhaust or drain (dotted), and flexible lines. 
They interconnect various components in the circuit. 
Hose (or tubing) used must be rated at a high enough 
pressure, temperature, and flow rating. Hose must 
also be rated to work in the environment in which 
it is used. 
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Process Control and Instrumentation INSTRUMENT LINE SYMBOLS 
Standard Graphic Symbols AND ABBREVIATIONS 


The Instrument Society of America (ISA) has devel- 


oped standard symbols and abbreviations for indus- 
AS = AIR SUPPLY 


trial process and instrumentation equipment. In IA = INSTRUMENT AIR 
i i 1 З РА = PLANT AIR 
process control and instrumentation drawings, con ES - ELECTRICAL SUPPLY 
necting lines with symbols are used to show the kind GS - GAS SUPPLY 
: : : HS - HYDRAULIC SUPPLY 
of signal being transmitted from one part of the sys- NS = NITROGEN SUPPLY 
tem to another. Transmission lines may carry an elec- SS = STEAM SUPPLY 


trical, pneumatic, hydraulic, mechanical, or other selec sk 


type of signal. The shape of the line and/or the ab- 
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See Figure 9-26. 
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any angle. Directional arrowheads shall be added to 
signal lines when needed to clarify the direction of 
flow. The electrical, pneumatic, or other power sup- 
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Conductors 


Electrical circuits and components are connected using 
conductors. A conductor is a low-resistance metal that 
carries electricity to different parts of a circuit. Con- 
ductors include wire, cable, and cord. See Figure 10-1. 

Conductors are available as individual wire or in 
groups, such as cable and cord. Wire is any individual 
conductor. Cable is two or more conductors grouped 
together within a common protective cover and used 
to connect individual components. Cord is two or more 
conductors grouped together and used to deliver power 
to a load by means of a plug. 

Most individual conductors are enclosed in an in- 
sulated cover to protect the conductor, increase safety, 
and meet code requirements. Some individual conduc- 
tors, such as ground wire, may be bare. In coaxial cable, 
an outer braided conductor is wrapped around an insu- 
lated inner conductor. The braided conductor is used 
to shield the inner conductor from outside electromag- 
netic interference. 


Conductor Materials 


Conductor materials include copper, aluminum, 
copper-clad aluminum, steel, and bronze. Copper (Cu) 
and aluminum (Al) are the most commonly used ma- 
terials. Copper is the most common. Copper is pre- 
ferred because it has a lower resistance than aluminum 
for any given wire size. For this reason, aluminum 
conductors must be sized one size larger than copper 
conductors. 
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Copper-clad aluminum is a conductor that has cop- 
per bonded to an aluminum core. The total amount of 
copper used is less than 10% of the conductor. Copper 
is used to counter the disadvantages of aluminum con- 
nections. Steel conductors are made from a special 
high-strength, low-resistance steel. To reduce corro- 
sion, the steel wire is coated with galvanized zinc. Steel 
wires and cables are used in some aerial and telephone 
applications. Steel is used because it is more economi- 
cal in applications that allow its use. Bronze conduc- 
tors were used on some old trolley systems, but are 
rarely used today. 


А 


Always connect aluminum wire securely us- 
ing the terminal screws on devices clearly 
marked (Al) for use with aluminum wire. 


Wire Sizes 


Wire is sized by using a number, such as No. 12 or No. 
14. The wire number is based on the American Wire 
Gauge (AWG) numbering system. The smaller the AWG 
number, the larger the conductor and the more 
current-carrying capacity. For example, a No. 12 cop- 
per wire is larger in diameter than a No. 14 copper wire 
and may carry 5 A more than the No. 14 (No. 12 rated 
at 20 A; No. 14 rated at 15 A). The wire size used for a 
circuit depends on the maximum current that the wire 
must carry and the material of the wire. See NEC® 
Tables 310.16 through 310.19. See Figure 10-2. 


146 ELECTRICAL PRINCIPLES AND PRACTICES 
CONDUCTORS 


INDIVIDUAL etn br CONTROL CIRCUIT WIRING, POWER TRANSMISSION LINES, 
LOW-VOLTAGE WIRING, ETC. 


DRY LOCATIONS FOR POWER DISTRIBUTION AND WIRING 
РЕВЕ LIGHTING CIRCUITS 
BONDING STRIP (GROUND WIRE) 
ARMORED CABLE (BX) 
GROUND * NM- USED IN DRY LOCATIONS (INDOOR WIRING) 


WIRE 
а • NMC- USED IN DAMP LOCATIONS (INSIDE HOLLOW 
BRICKS OR CONCRETE BLOCKS) 


* UF- USED IN WET OR UNDERGROUND LOCATIONS 
NONMETALLIC — SHEATHED CABLE (ROMEX) 


INNER INSULATION 


INNER 


CONNECTS COMPUTERS AND FOR SENDING LOW- 
VOLTAGE COMMUNICATION SIGNALS 


PE Ix EET P CONNECTS TELEPHONE OUTLETS AND JACKS 
TELEPHONE CABLE 
; > CONNECTS LOW CURRENT-CONSUMING APPLIANCES 
ee S TO OUTLETS (TVs, LAMPS, ETC.) 
FIXTURE CORD 


CONNECTS VACUUM CLEANERS TO POWER SUPPLIES 
S AND PROVIDES A SAFE FLEXIBLE CORD THAT CAN BE 
REPEATEDLY WRAPPED AND UNWRAPPED 


VACUUM CLEANER CORD 


CONNECTS HIGH CURRENT-CONSUMING APPLIANCES 
TO OUTLETS (RANGES, ETC.) 


240 V CORD 


CONNECTS APPLIANCES THAT REQUIRE HIGH CURRENT 
5 (HOT PLATES, DEEP FRYERS, ЕТС.) 


HEATER CORD 


Circuit Conductors, Connections, and Protection 147 


WIRE SIZES 


FOR BRANCH 
CIRCUITS 


16 
AZ | 


THERMOSTATS, 


NUMBER 


SS SL эй 


Conductors that are smaller than a No. 8 AWG may 
be either solid or stranded. No. 8 AWG and larger con- 
ductors are stranded. Conductors that are No. 18 and 
No. 16 AWG are normally used for the power cords of 
small appliances, plug-in lamps, speakers, and bell cir- 
cuits. No. 14 and No. 12 AWG conductors are used for 
wiring most lighting circuits and supplying power to 
standard receptacle outlets. No. 10, No. 8, No. 6, and 
No. 4 AWG conductors are used for wiring electric 
appliances, such as ranges, water heaters, furnaces, 


AWG 


AND CORDS 


Le 20 
Vee BELLS, 


clothes dryers, and air conditioners. They are also used 
for supplying power to subpanels and large motors. 
No. 3, No. 2 AWG, and larger conductors are used for 
supplying power to main service panels. 


_— ——————————_ 


Aluminum expands and contracts considerably | 
more than copper. Expansion and contraction | 
loosen a connection that has not been properly 

tightened. T 
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Conductor Ratings 


Insulated conductors are rated based on the current they 
may safely carry without damaging the insulation. The 
current rating depends on the wire size, type of insula- 
tion used, conductor's temperature rating, and the type 
of wire (copper or aluminum). The allowable amount 
of current a wire may safely carry is listed in NEC? 
tables. For example, a No. 10 AWG, Cu conductor with 
Type TW insulation that is designed to operate in an 
ambient temperature of 30°C (86°F) is rated at 30 A. 
See NEC? Table 310.16. See Figure 10-3. 


TECH Use only cable-pulling lubricant when pulling | | 
wire through conduit. Never use oil or grease 
as a lubricant when pulling wire through con- 
duit, because they can damage the insulation. 


ERES 


————A———————————Á 


4 


The current flowing through a wire must be kept 
below the wire's rated limit to maintain a safe system. 
Copper (Cu) is a better conductor (less resistance) than 
aluminum (Al), and may carry more current for any 
given AWG size. A large wire is a better conductor (less 
resistance) than a small wire, and may also carry more 
current. High temperature-rated insulation may also 
carry more current because a high temperature is re- 
quired to break down the insulation material. 


Conduit 


Conduit is a hollow pipe used to protect conductors. 
The conductors are placed inside the conduit. Conduit 
is either metal or plastic and may be rigid or flexible. 
Most conduit used in electrical wiring is rigid metal. 
See Figure 10-4. 
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The two types of metal conduit used in electrical 
wiring are rigid conduit and electrical metallic tub- 
ing (EMT). Rigid conduit uses threaded fittings. EMT 
uses force-fit fittings. Rigid conduit and EMT con- 
duit may be used indoors or outdoors. Rigid conduit 
is normally used for underground runs. The exact use 
of rigid or EMT conduit is determined by local codes 
and accepted standards. 

Plastic conduit is normally referred to as electrical 
nonmetallic tubing (ENT). ENT is used similarly to 
metallic conduit, except a plastic bonding cement is 
used to secure the fittings. ENT is highly resistant to 
fire, moisture, and many types of chemicals. For this 
reason, ENT is used in damp and corrosive locations 
as well as dry locations. ENT may also be used in con- 
crete but is not used in hazardous locations or to sup- 
port equipment fixtures. 
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Flexible conduit is a hollow metal or plastic pipe 
that is easily bent and used to protect conductors. Flex- 
ible conduit is used similarly to rigid conduit, in that 
the conduit is first installed and the wires are added 
after the conduit is securely in place. Flexible conduit 
is sometimes used in short runs, such as connecting a 
central air conditioning unit to the disconnect switch. 
Flexible conduit is also used in areas that may include 
vibration, such as connecting a motor to the control box. 


Bending Conduit 


Conduit is bent to clear obstructions when machinery 
and equipment are initially installed or relocated. Good 
techniques and tools are required for making conduit 
bends. Conduit can be bent properly using hand con- 
duit benders (hickey), mechanical conduit benders, or 
electric conduit benders. All conduit benders have 
bending shoes with high supporting sidewalls to pre- 
vent flattening or kinking of the conduit and are de- 
signed for quick, efficient conduit bending. 

A hand conduit bender is used by contractors and 
maintenance personnel who occasionally need to bend 
conduit. Hand conduit benders are normally made from 
heat-treated aluminum or iron. Some hand conduit 
benders are available with a flared handle that can be 
used as a conduit straightening tool. A slow, steady hand 
and foot pressure is used when bending conduit with a 
hand conduit bender. When bending conduit on the floor, 
the conduit is secured against the floor by the foot of the 
bender. When bending conduit in the air, pressure is 
exerted on the bender as close to the body as possible. 

A 30* bend is one of the most commonly used bends 
because it is the easiest bend to calculate. Conduit is 
bent using a hand conduit bender by measuring the re- 
quired length of conduit, checking the required angles, 
and using the bender sight marks to create accurate 
bends. In addition to 30? bends, hand conduit benders 
are also used to make 45? and 90? bends. 

Most hand conduit benders are designed so that a 45? 
angle is achieved by placing the bender on the conduit 
and raising the handle until it is in the vertical position. 
See Figure 10-5. Hand conduit benders are also used to 
make 90? bends for corners or formed to a predetermined 
length for use as stub-ups for floor installation. To make 
a 90? bend, the required distance is lined up with the 
edge of the bender. Force is applied to the bender, and 
the conduit is bent to form a 90° angle. The accuracy of 
the 90? bend is checked using a level. One leg of the 
conduit is checked on the horizontal plane, the bent leg 
is checked on the vertical plane. 
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BENDING CONDUIT 
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Back-to-Back Bends 


When running conduit from one outlet box to another 
box, a back-to-back bend may be required. A back-to- 
back bend is a bend that consists of two 90? bends on 
one piece of conduit. To make a back-to-back bend, 
the first bend is made as a regular 90? bend. The dis- 
tance between boxes is laid out on the tubing. The di- 
rection of the bender is reversed, and point A of the 
bender is placed over the correct distance mark on the 
conduit. The bender handle is raised to form a 90? bend, 
which finishes the second right angle. Both bends 
should be parallel with each other. 


Offset Bends 


Conduit runs are often interrupted by obstructions and 
changes in direction that cannot be bypassed with 90? 


bends. Obstructions are bypassed by using an offset bend. 
An offset bend is a bend that consists of two 45? angles 
on one piece of conduit. See Figure 10-6. To achieve an 
offset bend, parallel lines are drawn apart on a floor or 
smooth surface equal to the length (throw) of the offset. 
The first bend is made at a 45? angle by laying the con- 
duit on the floor and bringing the handle of the bender 
to the vertical position. The second bend is made by plac- 
ing the end of the bender at the throw mark and bending 
until the two legs are parallel. A level is used to check 
the accuracy of the offset bend. 


Double Offset (Saddle) Bends 


A double offset (saddle) bend may be necessary to clear 
obstructions such as beams, piping, or parts of machin- 
ery. A double offset (saddle) bend is a bend that con- 
sists of four 45° offset bends on one piece of conduit. 


See Figure 10-7. To perform a double offset bend, раг- 
allel lines are drawn on a floor or smooth surface equal 
to the saddle distance required for reference. Marking 
parallel lines on each side of the conduit helps elimi- 
nate any deviation from center. To make a double off- 
set bend, a 45? bend is made. The conduit is rotated 
180? in the bender and a 45? return bend is made. At 
the correct distance another 45? bend is made, and fi- 
nally a second 45? return bend is made. 
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Mechanical Conduit Benders 


A mechanical conduit bender uses a ratchet device to 
bend conduit. Some mechanical conduit benders are 
only used on certain types of conduit, while others have 
changeable bending shoes that allow one bender to be 
used on all sizes and types of conduit. A mechanical 
conduit bender is mounted on a frame and may have 
wheels so it can be moved easily. As the ratchet is 
pulled, a series of teeth rotate the bending shoe, bend- 
ing the conduit. Mechanical conduit benders are gen- 
erally used by contractors or maintenance personnel 
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who are required to bend conduit frequently but in small 
volumes. Mechanical conduit benders normally have 
built-in bending degree indicators and bending charts. 


DOUBLE OFFSET (SADDLE) BENDS 


CONDUIT 
SADDLE 


Electric Conduit Benders 


An electric conduit bender uses an electric motor that 
powers a chain and sprocket drive. High-volume con- 
duit installers generally use electric conduit benders. 
Electric conduit benders have interchangeable bend- 
ing shoes that allow the bender to be used on all types 
of conduit. Some electric conduit benders are program- 
mable, with digital readouts that help achieve quick, 
accurate, repetitive bends. 


NEC? Conduit Bending Requirements 


The NEC® states that bends in conduit shall be made 
so that the conduit is not damaged and that the inter- 
nal diameter of the conduit is not effectively reduced. 
In addition, the NEC? states that a run of electrical 
metallic tubing from outlet to outlet, from fitting to 
fitting, or from outlet to fitting shall not contain more 
than the equivalent of four quarter bends (360° total) 
including the bends located immediately at the outlet 
or fitting. NEC? table 344.24 indicates the minimum 
bend radius acceptable for various sizes of conduit. 
See Figure 10-8. 
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MINIMUM CONDUIT BENDING RADIUSES 


* in inches 


Nonmetallic Cable 


Nonmetallic cable is a tough, plastic-sheathed cable 
that is normally made of a moisture-resistant, 
flame-retardant material. Nonmetallic cable normally 
includes two or three insulated conductors and a bare 
ground wire. See Figure 10-9. Nonmetallic cable is 
commonly referred to as Romex (Romex is a trade 
name). A two-conductor-with-ground nonmetallic 
cable normally includes one black conductor, one 
white conductor, and a ground conductor. A 
three-conductor nonmetallic cable with ground nor- 
mally includes one black, one white, one red, and a 
ground conductor. The black conductor is used for 
the hot line. The white conductor is used for the neu- 
tral line. The red conductor is normally used for the 
switched conductor or as a second hot conductor. The 
ground conductor (ground wire) is either bare or is 
insulated with a green covering. 

NM or NMC nonmetallic cable is normally used for 
most wiring applications. NM nonmetallic cable has a 
flame-resistant and moisture-resistant covering. NM 
nonmetallic cable may be used in dry locations and may 
be either concealed or exposed. NMC nonmetallic cable 
may be used in the same locations as NM nonmetallic 
cable, but is also fungus- and corrosion-resistant. NMC 
nonmetallic cable is used in damp, moist, or corrosive 
locations, such as the inside of hollow bricks or con- 
crete blocks. Some local codes allow the use of non- 
metallic cable only in certain locations. 
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Armor-Clad Cable 


Armor-clad cable is a cable that has an outer cover 
made of flexible galvanized steel. See Figure 10-10. 
Armor-clad cable is referred to as sheathed cable or 
BX. BX was a trademark name, but now it is a generic 
name for all flexible armored cable. Inside the flexible 
steel cover are individually wrapped and insulated con- 
ductors, as well as a bare conductor which is used for 
grounding. Armor-clad cable is used in dry locations 
only. Some local codes prohibit the use of armor-clad 
cable. For this reason, most armor-clad cable has been 
replaced by nonmetallic cable. 
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Low Voltage Cable 


Cable is used to deliver electrical power or signals from 
one location to another location within an electrical sys- 
tem. Power cable is used to deliver higher powers within 
the system. Power cables commonly deliver 90 VDC, 
115 VAC, 180 VDC, 230 VAC, or 460 VAC to residen- 
tial, commercial, and industrial loads. However, power 
cables also deliver higher power to lower voltage loads, 
such as in automobile, marina, or aviation applications. 

Cable is also used to deliver communication signals 
within an electrical system. Communication cable is cable 
(usually copper or fiber optic) used to transmit data from 
one location (or device) within a system to another loca- 
tion. Communication cable is also commonly referred to 
as low voltage cable. Communication cable can be used 
to interconnect systems that include the following: 


èe Audio/voice — telephones, speaker systems, inter- 
coms, and digital surround sound 


e Video — security systems, television, cable television, 
digital cable, DVD, projection screens, and multi- 
media displays 


e Data — computer networks, fax machines, and printers 


Communication cable can be designed for aerial, 
protected (behind walls, etc.), or underground applica- 
tions. Aerial cable is cable suspended in the air on poles 
or other overhead structures. Aerial cable usually in- 
cludes a steel cable used for strength. Cable designed 
to be buried underground includes additional outer lay- 
ers for moisture protection. Underground communica- 
tion cable is extensively used to interconnect stations, 
servers, terminals, telecommunication rooms, entrance 
facilities, and backbone cables. Backbone cables are 
conductors (copper or fiber optic) used between tele- 
communications closets, or floor distribution terminals 
and equipment rooms within buildings. 


Communication Cable Color Codes 
and Pin Designations 


Communication cable is arranged in twisted pairs of 
conductors in a common housing. Twisted conductors 
are conductors that are intertwined at a constant rate. 
The number of pairs usually ranges from four-pair to 
hundreds of pairs. A standard color code identification 
system identifies each pair of conductors, regardless 
of the number of pairs in the cable. See Figure 10-11. 

Each conductor pair has a tip conductor and a ring 
conductor. А fip conductor is the first wire in a pair of 
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wires. А ring conductor is the second wire in a pair of 
wires. Tip and ring conductor pair colors complement 
each other for easy identification. For example, the first 
pair of conductors is colored white with a blue strip (tip 
conductor) and blue with a white strip (ring conductor). 


Communication Cable Bundle 
Color Code Designations 


Video, voice, and data systems often require communi- 
cation cable that is bundled into hundreds of individual 
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pairs of conductors. Communication cable, including large 
amounts of conductor pairs, is arranged so conductor pairs 
are grouped in sets of 25. Each set of 25 pairs is wrapped 
with a color-coded string that identifies the grouping. The 
string color code system follows the same color code used 
for the 25 pair conductor color code (1 = blue, 2 = orange, 
3 = green, etc.). Strings are color-coded using one or two 
colors. When a one-color string is used, the color of the 
string follows the color of the tip conductor band color 
code (blue, orange, green, brown, etc.). When a two-color 
string is used, the color of the string follows the color of 
the tip conductor insulation/band color code (white-blue, 
white-orange, white-green, etc.). See Figure 10-12. 
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In addition to the color-coded strings used to band 
and identify conductor sets, a cable may also include a 
ripcord. А ripcord is a cord included in a cable that 
aids in removing the outer jacket. 


Communication Cable Mechanical 
Arrangement Numbering System 


Conductor pairs are terminated using connection 
blocks, cable outlets, plugs, couplers, and other types 
of quick-connect, quick-disconnect connections. Con- 
nectors are designed to provide a good mechanical and 
electrical connection. The wiring of the connector must 
also separate and identify the conductors for identifi- 
cation of each pair of conductors. 

Conductors are terminated using connectors de- 
signed to hold one pair of conductors or multiple pairs 
of conductors. Standard connectors are designed for 
holding one, four, and 25 pairs of conductors. Con- 
nectors follow a numbering system that allows stan- 
dardization when wiring conductor pairs. Some 
recommended communication cable installation tips in- 
clude the following: 


ө Use as few connections as possible because exces- 
sive connections lower system performance. 


e Wire to the highest projected data-rated speed. 
e Allow at least 18" of spare wire at all connection points. 
e Never splice wires on communication cable runs. 


e Never run communication cables in parallel with 
power conductors. 


e Keep cable and wires away from heat sources. 
e Use nonmetallic staples when securing cable or wiring. 


e Place communication outlets at the same height as 
electrical power outlets. 


e Install communication outlets near electrical power 
outlets, since both powers are usually required. 


e Use inner walls for cable runs to avoid problems with 
insulation. 


è Test connections for opens, shorts, and grounds. 


Communication Cable Patch Cord Connections 


Patch cords are used to join communication links and 
circuits within an electrical system. Patch cords are 
terminated with connectors that allow for making 
easy connections and reconnections. Patch cords are 
wired using standard configurations that place each 
conductor pair in the proper order. See Figure 10-13. 
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PATCH CORD CONNECTION 
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To perform a patch cord connection, apply the fol- 3. Align and tie the cable pairs into the connectors. 
lowing procedure: The cable jacket end should extend just beyond the 
ble tie point. Do not tighten the cable tie. 
1. Cut the cable to length and strip back the cable ee Oe ee 
jacket using a cable stripper or the ripcord in- 4. Ensure that each pair is in the correct channel and 
cluded within the cable. order. Maintain a tight twist on each conductor pair. 
2. Separate conductor pairs in numerical order. Use 5. Trim wire ends flush with the connector housing 


the cable color code identification system to iden- 
tify the conductor pairs and each ring and tip con- 
ductor within each pair. 


using a wire cutter. A flush cut 1s required to pre- 
vent problems when pressing the two housings 
together. 
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6. Align latch cover with receptacle. 


7. Press receptacle and latch cover together until 
connector snaps closed. 


8. Inspect the connector and ensure that it is locked 
in place. If required, additional identification 
numbers can be added to the connector to iden- 
tify patch cord. 


9. Connect patch cord to appropriate location. 


Communication Cable Category (CAT) Ratings 


Communication cable is rated by a category (CAT) rat- 
ing number. CAT ratings are standards adopted by the 
telecommunication industry. Cable is rated as CAT 1 
through CAT 6. See Figure 10-14. 

A cable's CAT rating determines the conductor 
bandwidth rating. Bandwidth is the range of frequen- 
cies that a device can accept within tolerable limits. 
The higher the bandwidth, the higher the data transfer 
capacity. Cable CAT ratings include the following: 


e CAT 1 — A rating used for older wire and cable used 
in telephone systems. It is usually limited to voice 
transmission only. 


e CAT 2— A rating used for inside wire and cable sys- 
tems for voice applications and data transmission up 
to 1 MHz. 


ө CAT 3 — A rating used for inside wire and cable sys- 
tems for voice applications and data transmission 
up to 16 MHz. High-speed data/LAN systems use 
CAT 3. A local area network (LAN) is a communica- 
tion network that spans a relatively small area. 


e CAT 4— А rating used for inside wire and cable sys- 
tems for voice applications and data transmission up 
to 20 MHz. 


e CAT 5 – А rating used for inside wire and cable sys- 
tems for voice and data transmission up to 100 MHz. 
This cable is one of the most commonly used cables 
in LAN systems because it offers extended frequency 
transmission (above CAT 3 and CAT 4). 


e CAT 5e — A rating used for inside wire and cable sys- 
tems for voice and data transmission up to 100 MHz. 
It allows for longer runs because wire is packaged 
tighter with greater electrical balancing between pairs. 


e CAT 6— А rating used for inside wire and cable systems 
for voice and data transmissions of 250 MHz or more. 
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Fiber-Optic Cable 


As in copper conductors and cable, fiber-optic conduc- 
tors and cables are used to transmit data from one lo- 
cation to another. Fiber optics is the method of using 
light to transport information from one location to an- 
other location through thin filaments of glass or plas- 
tic. In a fiber-optic system, electrical information 
(video, voice, or data) is converted to light energy, 
transmitted to a receiver over optical fibers, and then 
converted back into electrical information. 

The optical fibers are either glass or plastic. Glass 
is more suitable for longer optic data transmission but 


f 


is more expensive and fragile than plastic. Therefore, 
plastic is used in applications requiring short trans- 
mission lines. 

Fiber optic cables are lightweight and offer the high- 
est bandwidth and speeds possible. Fiber optic cables 
also require smaller diameter cable and are not affected 
by electromagnetic interference (EMI) or radio fre- 
quency interference (RFI). Fiber-optic cables are used 
in large backbone systems and individual workstations. 

Fiber-optic connectors must be protected from 
physical damage and moisture. To protect the fibers, 
protective cladding and coatings are used along with 
strength members. Cladding is a layer of glass or other 
transparent material surrounding the fiber core and used 
as optical insulation. 

There are different types of fiber-optic cables 
available to meet different cabling requirements. 
Fiber optic cables normally consist of more than one 
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fiber-carrying strand. The two basic types of fiber 
cable are tight-buffered fiber cable and loose tube 
fiber cable. See Figure 10-15. 

In the loose tube fiber cable, the fiber is not restricted 
and can move freely inside the housing. In the tight- 
buffered fiber cable, the fiber movement is much more 
restricted. Although both types can use air or gel-filled 
tubes to allow fiber movement, tight-buffered fiber cable 
usually uses gel-filled tubes. The movement of the fiber 
cable allows for expansion and contraction with tem- 
perature changes. Loose tube fiber cable is stronger and 
is used in applications requiring long-distance cable runs. 
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Although signal losses accrue over the length of a 
fiber cable, losses from splices and connectors often 
exceed the losses from the actual cable. Common sig- 
nal losses occur from axial and angular misalignment, 
excessive separation between cables, and rough ends. 
See Figure 10-16. 


Removing Insulation Using Wire Strippers 


A wire stripper is a tool that is designed to properly 
remove insulation from small gauge (normally AWG 
sizes No. 10-No. 22) wires. See Figure 10-17. To re- 
move insulation from a wire using a wire stripper, ap- 
ply the procedure: 


1. Insert the wire into the correct wire gauge hole 
size. 


2. Squeeze and rotate the stripper around the wire 
(or back and forth) to make the cut through the 
insulation. 


3. Strip the insulation off the end of the wire. 


SQUEEZE AND ROTATE 
STRIPPER AROUND WIRE 


The hole size must be correct to prevent damage to 
the wire. The stripper removes the insulation without 
cutting into the wire if the correct hole is used. Wire 
strippers are available that make a square cut and a ta- 
pered cut. The tapered cut is preferred. 


Removing Insulation Using Knives 


A wire stripper is the preferred method of removing 
insulation from the end of most wire. However, when 
removing insulation from a large wire or tapping into 
the middle of a wire, a wire stripper cannot be used. In 
such cases, an electrician’s knife is used to remove the 
insulation. See Figure 10-18. To remove insulation us- 
ing a knife, apply the procedure: 


1. Cut the insulation at an angle to prevent cutting 
into the wire with the knife. A nick in the wire 


weakens it and may cause the wire to break when 
itis bent. Never make a circling cut at right angles 
to the wire. Keep fingers away from the blade and 
always cut away from the body. 


2. Cut both sides leaving a tapered cut on the 
insulation. 


KNIFE INSULATION REMOVAL 
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Connecting Conductors 


Electrical connections are required in almost all elec- 
trical and electronic circuits. Electrical connections 
may be soldered or solderless. A soldered connection 
is a connection that joins conductors by heat to make 
a strong electrical and mechanical connection. A 
solderless connection is a connection that joins con- 
ductors without using heat to make a strong electrical 
and mechanical connection. Soldered connections are 
normally used in electronic circuits to connect com- 
ponent leads to printed circuit boards and other con- 
nection points. Solderless connections are normally 
used in electrical circuits to connect conductors. 


Article 310 covers conductors for general wir- | 

FACT ing and does not apply to conductors forming H 
an integral part of a motor, motor controllers, 

v and similar equipment or to conductors spe- | 

cifically covered elsewhere in the NEC®. ү] 
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Soldered and solderless connections must be elec- 
trically and mechanically strong. A strong electrical 
connection ensures that the connection has as low a 
resistance as possible to the flow of current. A strong 
mechanical connection ensures that the connection lasts 
and does not cause a loss of power or possible damage 
that may be caused if a hot conductor opens and touches 
some other part of the circuit or a person. Touching 
some other part of the circuit may cause a spark that 
could cause a fire or damage additional components. 


Soldering 


Soldering is the process of joining metals by heat to 
make a strong electrical and mechanical connection. 
Solder is used to make the connection. Solder is an 
alloy of tin (Sn) and lead (Pb). The solder that is 
normally used to make electrical connections is 60/ 
40 solder. This type of solder contains 60% tin and 
40% lead. Solder melts at a temperature of about 
400°F (204.4°C). 

The parts to be soldered must be hot enough to melt 
the solder for the solder to properly adhere. The parts 
must be kept clean to allow the solder to flow evenly 
and adhere. In addition to surface dirt, oil, and corro- 
sion, the metal surfaces must be cleaned of all sur- 
face oxides. Oxide is formed on the metal surface by 
the oxygen in the air. For example, when copper is 
exposed to air long enough the oxide appears as a 
green tarnish. Flux is used with solder to remove sur- 
face oxide. Flux removes the oxide by making it 
soluble in the flux and evaporating it as the flux boils 
off during heating. Rosin flux is contained inside elec- 
trical solder. Rosin-core solder is electrical solder that 
contains a rosin core. 

A connection must be mechanically strong before it 
is soldered. Heat is then applied until the materials are 
hot at which time the solder is applied. The solder must 
be melted by the heat of the material to be joined, not 
by the soldering tool. 

Only a small amount of solder should be used. The 
connection should appear smooth and shiny. If it does 
not, the connection may be a cold solder joint. A cold 
solder joint is a poor electrical and mechanical con- 
nection caused by insufficient heat during soldering or 
connecting parts moving after the solder is applied but 
before it has cooled. 

Care must be taken to not damage surrounding 
parts that may be damaged by overheating. Semi- 
conductor components, such as transistors and ICs, 
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are very sensitive to heat. A heat sink, such as an To make a soldered connection, apply the procedure: 
alligator clip, is used to help prevent heat damage. 1. Select the correct soldering tool and solder. Sol- 
The heat sink is placed between the soldered con- dering irons and guns have heating element rat- 
nection point and the component that requires pro- ings from about 20 W to 250 W. Most have 
tection. The heat sink absorbs the heat produced interchangeable tips that are shaped and designed 
during soldering. See Figure 10-19. for most applications. Soldering irons and guns 


range in temperature from about 500°F to 1000°F. 


2. Ensure that the tip of the soldering tool is clean 

and tinned. Tinning is the process of applying 
SOLDERED CONNECTIONS solder to a clean tip to prevent corrosion on 
the tip. 


3. Ensure that all the parts to be connected are 
properly and evenly heated. Do not overheat the 


SELECT CORRECT connection. 
SOLDER AND 

SOLDERING TOOL Q4 ^ 4. Letthe heated connection melt the solder and al- 
ENSURE TIP OF = low it to flow onto the connection. Do not melt 

SOLDERING TOOL IS the solder on the soldering tip. Use only enough 


solder to cover the connection. 


5. Ensure that the connecting parts do not move be- 
fore the solder cools. 


kB ENSURE ALL PARTS 
ARE PROPERLY AND 
EVENLY HEATED 


Terminal Screws 


Terminal screws are used to connect wires to many elec- 
trical components, such as switches and receptacles. 
See Figure 10-20. To make a terminal screw connec- 


LET HEATED : ~ tion, apply the procedure: 
CONNECTION SS 


1. Strip 34” of insulation from the wire ends. 

2. Use needle nose pliers to form a loop in the 
stripped wire. Bend the bare wire around the jaws 
of the pliers to form a loop. 


ENSURE CONNECTING 3. Connect wire to terminal screw by looping the 

со e C TS, end around the terminal screw in the direction the 

^ screw tightens (normally clockwise). As the wire 

is tightened, the wire is forced under the screw 

head and clamps. A terminal screw that is not tight, 

or a wire that is not properly attached is likely to 
cause problems. 


и Wire Nuts 


TIP Wire nuts without metallic coil springs in- | | В 3 
side the wire nut should not be used. if A wire nut is a solderless plastic connector that uses 


| a tapered metal coil spring to twist wires together. 
шы Wire nuts are commonly used to connect wire sizes 


AWG No. 22 through No. 8. See Figure 10-21. To 
make a terminal connection using a wire nut, apply 
the procedure: 


1. Remove enough insulation (normally l5") from 
the wire for the connector to cover the bare wire. 
Although it is normally not necessary to twist the 
wires together when connecting solid wire, twist- 
ing the wires together helps ensure a good connec- 
tion. Twist the wires together when connecting 
stranded wires or a stranded to solid wire. 


2. Placethe conductors inside the wire nut and tighten 
clockwise. The conductors engage a spiral coil that 
draws them in and twists them together. 


3. Tape the wire nut and wire together with electri- 
cal tape. 


All wire nuts have a listing of what size and num- 
ber of wires that they can safely connect. This listing 
is normally found on the wire nut box. Manufacturers 
color code their wire nuts by size, but the standard var- 
ies among manufacturers. a 


TERMINAL SCREW CONNECTIONS 


SD STRIP $ INSULATION FROM WIRE 
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WIRE NUT TERMINAL CONNECTIONS 


1) REMOVE INSULATION AND 
TWIST WIRES TOGETHER 


STRANDED TO 
SOLID WIRES 
SHOULD BE 
TWISTED 
TOGETHER 


SOLID WIRES DO 
NOT REQUIRE 
TWISTING BUT 15 
RECOMMENDED TO 
ENSURE A GOOD 
CONNECTION 


HOLD WIRES 
SIDE-BY-SIDE 


STRANDED 
WIRES SHOULD 
BE TWISTED 
TOGETHER 


PLACE CONDUCTORS 
INSIDE WIRE NUT AND 


TIGHTEN dt 


E 


TAPE WIRE NUT AND 
WIRE TOGETHER WITH 


Wire Splices 


Wire splices are used to connect two wires together 
to make a good mechanical and electrical connection. 
The wires are twisted together and then taped, sol- 
dered and taped, or connected by a solderless con- 
nection. The method used to twist the wires together 
gives the splice its name, such as pigtail splice, tap 
splice, knotted tap splice, Western Union splice, or 
fixture splice. The method used depends on the appli- 
cation. See Figure 10-22. 
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WIRE SPLICES 


BARE 
WIRES 


INSULATION 


WESTERN UNION SPLICE 


FIXTURE WIRE 
WRAPPED AROUND 


BENT MAIN WIRE 


FIXTURE BENT MAIN WIRE 


FIXTURE SPLICE 


SPLICES SHOULD BE 
STAGGERED WHEN MORE 
THAN ONE SPLICE IS USED 


Pigtail Splices 


A pigtail splice is a splice that consists of twisting two 
wires together. A pigtail splice is used to connect two 
(or more) wires together by twisting the wires around 
each other. A pigtail splice is the most common splice 
used in most residential wiring applications. Ensure that 
the wires are twisted together and that the splice is not 
just one wire wrapped around another. A wire nut is 
normally placed over a pigtail splice. 


Aca un IPS et AMAR SPP aora N p л 9 n a A ку: S PAARE Qe ADA ya a e edes ue 


| 

M 
To Splice into an existing coaxial television | 
cable, use a signal splitter fitting. Signal split- 


ters are available with two, three, or four con- 


j nection points. | 


} (TECH | 
РАСТ Wire nuts аге color-coded by size, but the cod- 
ing varies from manufacturer to manufacturer. | 


— Rd 


— се arf. 


Tap Splices 


A standard tap splice is a splice that connects two wires 
together when one wire is to remain unbroken. A knot- 
ted tap splice is a tap splice with a knot made in the 
splice to increase the mechanical strength of the splice. 
А wire nut cannot be placed on tap splices, so the splice 
is taped or soldered and taped. 


Western Union Splices 


A Western Union splice is a splice that connects two 
wires that may be placed under a lot of mechanical 
strain. This splice got its name because it was the stan- 
dard splice used to repair telegraph wire. A wire nut 
cannot be placed on a Western Union splice, so the 
splice is taped or soldered and taped. 


Fixture Splices 


A fixture splice 15 a splice that connects two wires in 
which one of the wires is smaller than the other, or one 
wire is stranded and the other is solid. The smaller (or 
stranded) wire is wrapped around the larger (or solid) 


‚ wire. The larger (or solid) wire is bent back over the 


smaller wire. For extra strength, the smaller wire may 
be wrapped a few extra times after the solid wire is 
bent over the smaller wire. A wire nut is normally placed 
over a fixture splice. However, the fixture splice may 
first have to be soldered if the connection is loose. 


Pressure Connections 


Pressure connections are used for large wire connec- 
tions. Pressure connections include split bolt and screw 
pressure connectors. See Figure 10-23. Pressure con- 
nections are used for making straight, tap, or terminal 
connections. The wire ends are stripped, placed in the 
connector, and the nut (or screw) is tightened. Except 
when used on grounding wires, the connection is then 
wrapped with several layers of electrical tape. The tape 
should be wrapped at least the same thickness as the 
original insulation. 


PRESSURE CONNECTIONS 


PRESSURE 


WATER CONNECTION 


METER 


PRESSURE 
CONNECTION 


BONDING 
JUMPER 


GROUNDING 
CLAMP 


SPLIT BOLT CONNECTOR 
USED FOR TAP SPLICE 


SPLIT BOLT CONNECTOR 
USED TO SPLICE 
TWO CONDUCTORS 


SCREW PRESSURE CONNECTOR 
USED TO JOIN TWO LARGE 
CONDUCTORS 


Crimped Connections 


A crimped connection is a connection in which two 
wires are held together by crimping them in a specially 
designed fitting. Approximately 1⁄2” to 34" of insula- 
tion is stripped off the wires to be connected. The wires 
are twisted together if required with pliers. The wire 
ends are inserted into the connector and the end of the 
connector is crimped with a crimping tool. A crimped 
connection may not be approved by some local codes. 
See Figure 10-24. 


Replacing Plugs 


A plug is the device at the end of a cord that connects 
the device to the electrical power supply by means of a 
receptacle. Plugs sometimes crack, break, or lose their 
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electrical connection when the device is discon- 
nected from the receptacle by pulling on the cord 
instead of the plug. The plug should be replaced 
when it goes bad. Never try to repair a broken plug. 
Replace the cord and the plug if the cord is also 
broken or damaged. 


CRIMPED CONNECTIONS 


TERMINAL CRIMPED 
SECURELY TO WIRE 


ENSURE EXPOSED 
WIRE IS IN CONNECTOR 


ГЭ 


OOK 


PADE FEMALE BULLET MALE BULLET 


CLOSED END FEMALE COUPLER MALE COUPLER 
02A] CRIMP CONNECTORS 


Standard Ungrounded Plugs 


Grounded plugs should always be used if the original 
equipment includes a grounded plug. Always replace a 
grounded plug with a new grounded plug. See Figure 
10-25. However, not all electrical devices use a grounded 
plug. To replace an ungrounded plug, remove the old 
plug and apply the procedure: 


1. Insert the cord into the plug. Pull about 6” of cord 
through the plug. 


2. Strip about 3/4” insulation from the wire. 


3. Tie an underwriter’s knot in the two wires. An 
underwriter’s knot is used to relieve the strain on 
the terminals when the plug is pulled out by pull- 
ing on the cord. 
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Pull the underwriter's knot tight. The knot should be 
large enough so that it cannot be pulled back through 
the plug. The plug is too large or a double knot is 
required if the knot can be pulled through the plug. 


Wrap the wires around the terminal screws. En- 
sure the hot (black) wire is connected to the smaller 
blade if the plug is a polarized plug. A polarized 
plug is a plug in which one blade is wider than the 
other blade. The wider blade is the neutral termi- 
nal and is designed to fit only into the neutral side 
of a polarized receptacle. The hot terminal is nor- 
mally identified by a bronze-colored screw and the 
neutral by a silver-colored screw. 


Tighten the terminal screws. Care must be taken 
to ensure no strands of wire are exposed on cords 
that use stranded wire. Solder the stranded ends 
if required. 


Attach the insulated cover that comes with the 
plug. The best plugs include a screw-on cover. 


Standard Grounded Plugs 


Grounded plugs should always be used if the original 
equipment includes a grounded plug. Always replace a 
grounded plug with a new grounded plug. The load 
works but the circuit is not safe if a grounded plug 1s 
not used or the ground wire is not connected. Un- 
grounded equipment can cause a shock or fire. See Fig- 
ure 10-26. To replace a grounded plug, remove the old 
plug and apply the procedure: 


Ё 
2 


Insert the cord into the plug and cover. 


Cut the plastic sheathing away and peel back and 
remove any fiber wrapping. Be careful not to cut 
into the insulation around the individual wires. 


Strip insulation and trim wires to manufacturer 
specifications. 


Insert wires into wire pockets. 


Tighten terminal screws. The hot terminal is iden- 
tified by a bronze colored screw, the neutral by a 
silver colored screw, and the ground terminal by 
a green colored screw. Care must be taken to 
ensure no strands are exposed because most 
cords use stranded wire. Solder the stranded ends 
if required. 


Insert plug into cover and tighten assembly 
Screws. 


UNGROUNDED PLUG REPLACEMENT 


INSERT CORD 
INTO PLUG 


TIGHTEN 
TERMINAL 


ATTACH NEUTRAL 
WIRE TO SILVER- 
COLORED SCREW 
(WIDE BLADE) 


-ATTACH HOT 
WIRE TO BRONZE- 

COLORED SCREW 

QS. (NARROW BLADE) 


WIDE BLADE 
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GROUNDED PLUG REPLACEMENT Appliance (Heater) Plugs 


INSERT CORD An appliance (heater) plug is a plug used to power 
INTO PLUG COVER appliances that produce heat, such as electric grills, 
roasters, broilers, waffle irons, and large coffeemakers. 
Appliance plugs fail when the cord is pulled or they 
are overheated. Replace the cord and plug with a new 
one if they are bad. See Figure 10-27. 

To replace an appliance (heater) plug, remove the 
old plug and apply the procedure: 


' Ar 
s n 


1. Strip about 3/4" insulation from the wire and 
twist the stranded ends into a loop. Do not sol- 
der because the plug may get hot enough to melt 


the solder. 
A CUT AWAY 2: Wrap the wire around the terminal screws and 
SHEATHING . tighten terminal screws. 
AND REMOVE 
FIBER WRAPPING 3. Screw plug halves together. 


APPLIANCE PLUG REPLACEMENT 


3 [OST з" 
І a STRIP INSULATION STRIP 4 INSULATION 
? AND TRIM WIRES TO > FROM WIRE AND 
- MANUFACTURER Ь . TWIST INTO LOOP 
z7  SPECIFICATIONS g 
=, 
= ' 


INSERT WIRES 
INTO WIRE 


POCKETS SPRING 


WRAP WIRE AROUND 
TERMINAL SCREWS 
AND TIGHTEN 


INSERT PLUG INTO 
COVER AND TIGHTEN 
ASSEMBLY SCREWS 
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Heavy-Duty Plugs 


A heavy-duty plug is a plug that is used on high-wattage 
appliances and devices that operate on 230 V or 460 V. 
These plugs may be used on 16 for 39 powered equip- 
ment. The exact size and number of wires required de- 
pends on the individual load that the cord is used to 
power. See Figure 10-28. To replace a heavy-duty plug, 
remove the old plug and apply the procedure: 


1. Insert the cord into the plug cover, remove sheath- 
ing and fiber wrapping, strip insulation and trim 
wires to manufacturer specifications. 


2. Insert wires into pockets and tighten terminal 
screws. The correct terminal screw varies consid- 
erably depending on the power supply used. 


3. Insert plug into plug cover and tighten assembly 
Screws. 


4. Tighten strain relief screws. 


Plug and Receptacle Ratings and 
Configurations 


Plugs and receptacles use various configurations to 
ensure that the current rating of electrical equipment 
matches the power source to which the equipment is 
connected. The configuration is designed to prevent a 
higher current or different voltage plug from being 
connected to a lesser (or incorrect) voltage receptacle. 
Plugs and receptacles follow standard configurations. 
The National Electrical Manufacturers Association 
(NEMA) has established a set of standard plug and re- 
ceptacle configurations that identify the type and rat- 
ing of terminations. See Appendix. 


Overcurrent 


In a properly operating circuit, current flows and is con- 
fined to the conductive paths provided by conductors 
and other components when a load is turned ON. Every 
load draws a normal amount of current when switched 
ON. This normal amount of current is the current level 
for which the load, conductors, switches, and system is 
designed to safely handle. Under normal operating con- 
ditions, the current in the circuit should be equal to or 
less than the normal current level. However, at times an 
electrical circuit may have a higher-than-normal current 
flow (overcurrent). 


HEAVY-DUTY PLUG REPLACEMENT 


INSERT CORD INTO 
PLUG COVER, 
REMOVE SHEATHING 
AND FIBER WRAPPING, 
STRIP INSULATION 
AND TRIM WIRES TO 
MANUFACTURER 
SPECIFICATIONS 


INSERT WIRES 

INTO WIRE POCKETS 
AND TIGHTEN 
TERMINAL SCREWS 


INSERT PLUG INTO 
PLUG COVER AND 
TIGHTEN ASSEMBLY 
SCREWS 


TIGHTEN STRAIN 


RELIEF SCREWS о == 


An overcurrent is a condition that exists on an elec- 
trical circuit when the normal load current is exceeded. 
Overcurrents take on two separate characteristics: short 
circuits and overloads. An overcurrent may be a short 
circuit current or an overload current. 


Short Circuit 


А short circuit develops 1f conductor insulation flakes 
off enough to expose the bare wire to ground or an- 
other wire. A short circuit is overcurrent that leaves 
the normal current-carrying path by going around the 
load and back to the power source or ground. 

A short circuit occurs when the insulation between two 
wires is broken. The current bypasses the load and re- 
turns to the source through the bare wire and not 
through the load. A short circuit causes the current to 
rise hundreds of times higher than normal at a very 
fast rate. Short circuits may cause a fire, shock, explo- 
sion, and may damage equipment. АП circuits must be 
protected against a short circuit because short circuits 
are very dangerous and damaging. See Figure 10-29. 


t 


SHORT CIRCUITS 


NEUTRAL 
(GROUNDED 
HOT WIRE WIRE) 


BRANCH CIRCUIT 


INSULATION 


HOT-WIRE-TO- 
NEUTRAL-WIRE 
(WIRE-TO-WIRE) SHORT 


HOT-WIRE-TO- 
GROUND SHORT 


Detecting short circuits and removing power from 
the circuit is not difficult because short circuits draw 
high current levels. The system's fuses or circuit break- 
ers remove power when a short circuit is detected. How- 
ever, no matter how quickly power is removed, the 
danger of the arc that all short circuits produce always 
exists. When this arc is confined inside conduit, an en- 
closure, or cable, the chance of fire is greatly reduced. 
If the arc occurs in the open, a fire may result. There- 
fore, every effort must be made to minimize the number 
of places that electrical wire is exposed outside an en- 
closure. This includes avoiding the use of extension cords 
and following all local, state, and national codes. 


Overloads 


An overload is the condition that occurs when circuit 
current rises above the normal current level at which 
the load and/or circuit is designed to operate. Overloads 
are caused by defective equipment, overloaded equip- 
ment, or too many loads on one circuit. See Figure 10-30. 

Overloads normally range between the normal current 
level and six times the normal current level, depending 
on the overload. A normal overload occurs when a motor 
is started because motors draw more current when start- 
ing (up to six times) than when running. An abnormal 
overload occurs when equipment is overloaded or defec- 
tive. Overloaded equipment draws a higher-than-normal 
current based on the degree to which the equipment is 
overloaded. The more overloaded the equipment, the 
higher the current draw. When the equipment's load is 
reduced, the current draw is reduced. 

Some motors and equipment are designed to safely 
handle a small overload for short periods of time. Over- 
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loads caused by defective equipment may cause cur- 
rent to increase above the normal current level. Over- 
loads caused by defective equipment do not decrease 
until the equipment is repaired or replaced. 

The temperature rise is minimal and has little or no 
effect on the equipment or conductors if an overload 
lasts for a brief time. However, sustained overloads are 
destructive and must be prevented. A sustained over- 
load results in the overheating of conductors, equip- 
ment, and any other components used in the circuit. 
Like short circuits, sustained overloads must also be 
removed from the system. Unlike short circuits, over- 
loads do not cause a sudden arc and do not have to be 
removed immediately. However, if not removed within 
a short time period, overloads may cause a fire by over- 
heating the equipment and conductors. 


OVERLOADS 


HEAVILY LOADED 2 
CONVEYOR — „гё 


OTOR 
OVERLOADED 


STARTING 


CURRENT MOTOR 


NORMAL 
CURRENT 


MOTOR 
OVERLOADED 


qm 


MOTOR AT 
NO LOAD 
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Overcurrent Protection 


Ап overcurrent protection device must be used to pro- 
vide protection from short circuits and overloads. An 
overcurrent protection device (OCPD) is a disconnect 
switch with circuit breakers (CBs) or fuses added to 
provide overcurrent protection of the switched circuit. 
Fuses and circuit breakers are OCPDs designed to au- 
tomatically stop the flow of current in a circuit that has 
a short circuit or is overloaded. 

A fuse is an OCPD with a fusible link that melts and 
opens the circuit when an overload condition or short 
circuit occurs. A circuit breaker is an OCPD with a 
mechanical mechanism that may manually or automati- 
cally open the circuit when an overload condition or 
short circuit occurs. See Figure 10-31. 

Fuses and circuit breakers are widely used in power 
distribution systems and individual pieces of equip- 
ment. Fuses and circuit breakers have their advantages 
and disadvantages. The OCPD selected is normally 
determined by the application, economics, and indi- 
vidual preference of the person making the choice. 

Fuses and circuit breakers include current and volt- 
age ratings. The current rating is the maximum amount 
of current the OCPD carries without blowing or trip- 
ping. The current rating of the OCPD is determined by 
the size and type of conductors, control devices used, 
and loads connected to the circuit. 

The voltage rating is the maximum amount of volt- 
age applied to the OCPD. It safely suppresses the in- 
ternal arc produced when the OCPD stops the current 
flow. The voltage rating of the OCPD is greater than 
(or equal to) the voltage in the circuit. 


Every ungrounded (hot) power line must be pro- 
tected against short circuits and overloads. A fuse or 
circuit breaker is installed in every ungrounded power 
line. One OCPD is required for low voltage, 16 cir- 
cuits (120 V or less) and all DC circuits. The neutral 
line (in AC circuits) or the negative line (in DC cir- 
cuits) does not include an OCPD. Two OCPDs are re- 
quired for 10, high-voltage circuits (208 V, 230 V, or 
240 V). Both ungrounded power lines include an 
OCPD. Three OCPDs are required for all 36 circuits 
(any voltage). All three ungrounded power lines include 
an OCPD. See Figure 10-32. 


Fuses 


Fuses are very low-resistance devices connected in 
series with the circuit's conductors. When the cir- 
cuit current exceeds the rating of the fuse, the fuse 
opens and prevents current from flowing in that part 
of the circuit. 

The two types of screw-in fuse bases are the Edison 
base and the Type S base. The Edison base is the old- 
est type of fuse base. One base size fits several differ- 
ent amperage fuses. The Edison base can no longer be 
used, except in replacement of existing fuses. 

The Type S base is the same as an Edison base, ex- 
cept the Type S base has a fuse and a socket adapter. 
The socket adapter screws into and becomes part of 
the socket in the fuse panel. The adapter is constructed 
so when it is screwed into the socket, it locks in place 
and cannot easily be removed. The fuse is then screwed 
into the adapter. 


OVERCURRENT PROTECTION DEVICES 
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Figure 10-31 
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SHORT CIRCUIT AND OVERLOAD PROTECTION 
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A specific amperage Type S fuse is designed to be 
screwed into the threads of the same amperage adapter. 
For example, a 20 A Type S fuse can only be screwed 
into a 20 A Type S adapter. The screw base (also called 
a plug fuse) was commonly used to protect branch cir- 
cuits in many dwellings. Today, circuit breakers are 
normally used in most new home construction. How- 
ever, cartridge fuses are still widely used in electrical 
and electronic circuits. 

All fuses contain a short metal strip (fusible link) 
made of an alloy with a low melting point. When in- 
stalled in the circuit, the metal strip becomes a con- 
ductive link in the circuit. 

The fusible link quickly melts and opens the circuit 
when the current flowing through the strip is greater 
than the rating of the fuse. The two basic types of fuses 
are the non-time delay fuse and the time delay fuse. 

A non-time delay fuse (NTDF) is a fuse that may 
detect an overcurrent and open the circuit almost in- 
stantly. They contain a fusible link that melts and opens 
the circuit at a set temperature. The fusible link is heated 
by the current. The higher the current, the higher the 
temperature. Under normal operation and when the cir- 
cuit is operating at or below its ampere rating, the fus- 
ible link functions as a conductor. However, if an 
overcurrent occurs in the circuit, the temperature of 
the fusible link reaches a melting point at the notched 
section. The notched section melts and burns back, 
causing an open in the fuse. Only one notched link 
opens if the overcurrent 1s caused from an overload. 
Several notched links open if the overcurrent is caused 
from a short circuit. NTDFs are also known as single 
element fuses. See Figure 10-33. 

Low current rated fuses have only one element, while 
high current rated fuses have many elements. Very high 
current rated fuses (several hundred amperes) are devel- 
oped by using many elements connected in parallel in- 
side the same fuse. The heat and pressure created by the 
arc(s) are safely contained within the fuse. After remov- 
ing an overcurrent, the fuse is discarded and replaced. 
Non-time delay fuses provide a very effective way of 
removing overloads and short circuits, but may also open 
on harmless low-level overloads. To prevent this, a time 
delay may be built into the fuse for use in circuits that 
have temporary and safe low-level overload currents. 
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A short-circuit fault current can be many || 

hundreds of times larger than the normal ||| 
operating current of a circuit. 


NON-TIME DELAY FUSES 


A time delay fuse (TDF) is a fuse that may detect 
and remove a short circuit almost instantly, but allow 
small overloads to exist for a short period of time. 
Time delay fuses include two elements. One element 
removes overloads and the other element removes 
short circuits. The short circuit element is the same 
type of fuse link element used in the non-time delay 
fuse. The overload element is a spring-loaded device 
that opens the circuit when solder holding the spring 
in position melts. The solder melts after an overload 
exists for a short period of time (normally several sec- 
onds). The overload element protects against tempo- 
rary overloads up to approximately 800%. TDFs are 
also known as dual-element fuses. See Figure 10-34. 

TDFs are used in circuits that have temporary, 
low-level overloads. Motor circuits are the most common 
circuit that includes low-level overloads. Motors draw an 
overload current when starting. As the motor accelerates, 
the current is reduced to a normal operating level. There- 
fore, TDFs are always used in motor applications. 


Circuit Breakers (CBs) 


Circuit breakers are OCPDs which use a mechanical 
mechanism to protect a circuit from short circuits and 
overloads. Like fuses, CBs are connected in series with 
the circuit's conductors. The CB opens and prevents 
current from flowing in that part of the circuit when 
the circuit current exceeds the rating of the CB. 


TIME DELAY FUSES 


wwe 


CBs contain a spring-loaded electrical contact which 
opens the circuit. The spring is used to open and close 
the contacts with a fast snap-action. А handle is added 
to the contact assembly so the contacts may be manu- 
ally opened and closed. The contacts are automatically 
opened on an overcurrent by a bimetal strip and/or an 
electromagnetic tripping device. The contacts have one 
stationary contact and one movable contact. The mov- 
able contact is attached to a spring that provides a fast 
snap-action when tripped. See Figure 10-35. 

The bimetal strip is made of two dissimilar metals 
that expand at different rates when heated. The strip 
bends when heated and opens the contacts. The bimetal 
strip is connected in series with the circuit and is heated 
by the current flowing through it. The higher the cir- 
cuit current, the hotter the bimetal strip becomes. Like- 
wise, the higher the current, the shorter the time 
required to trip the CB. 

Like the bimetal strip, the electromagnetic device 
is connected in series with the circuit. As current passes 
through the coil, a magnetic field is produced. The 
higher the circuit current, the stronger the magnetic 
field. The magnetic field opens the contacts when it 
becomes strong enough. 
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Whenever the CB contacts are opened, an arc is 
drawn across the movable and stationary contacts. A 
short circuit (higher current) produces a much hotter 
arc than an overload. Therefore, a CB that has tripped 
numerous times from short circuits may. be damaged 
to the point of requiring replacement. 
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Communication Cable and System Protection 


АП electrical systems are prone to potentially damag- 
ing voltage surges on their power and communication 
lines. Voltage surges are especially damaging if allowed 
on communication lines. Voltage surges occur on com- 
munication lines by direct or indirect contact with 
power lines, lightning, or transients. A transient volt- 
age is a temporary, unwanted voltage in an electrical 
circuit. Since these voltage surges can occur anywhere 
along the electrical system, it is recommended that sev- 
eral levels of protection be provided along the system. 
See Figure 10-36. 

The levels of protection in an electrical system 
should include the following: 


* Level 1 — The system should be protected from volt- 
age surges entering a building through the use of 
protection devices. These protection devices should 
be located at the main power in-feed panel. 
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e Level 2 – The equipment should be protected from 
voltage surges introduced between the building en- 
trance and the system equipment. This will protect 
the system from problems introduced by other elec- 
trical loads and faults within the building. 


ө Level 3 – The equipment should be protected from 
voltage surges introduced between communication 
equipment and workstation equipment. 


Installing surge suppressors protects equipment 
and systems. А surge suppressor is an electrical de- 
vice that limits voltage surges that may be present 
on power lines. Surge suppressors should be installed 
in the distribution panels, along the building system, 
and at each workstation of a building. In addition to 
surge suppressors, filters should also be used. Fil- 
ters aid in reducing noise introduced on the lines by 
EMI or RFI. 
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Ohm's Law 


Experiments performed by the German scientist 
George Simon Ohm in 1827 proved there was a direct 
relationship between voltage (E), current (I), and re- 
sistance (R) in an electrical circuit. This relationship 
is known as Ohm's law. 


Ohm's law is the relationship between voltage, 
current, and resistance in a circuit. Ohm's law states 
that current in a circuit is proportional to the voltage 
and inversely proportional to the resistance. Any 
value in this relationship can be found when the other 
two are known. The relationship between voltage, 
current, and resistance may be visualized by present- 
ing Ohm's law in pie chart form. See Figure 11-1. 
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Calculating Voltage Using Ohm's Law 


Ohm's law states that voltage (E) in a circuit is equal 
to resistance (R) times current (I). See Figure 11-2. To 
calculate voltage using Ohm’s law, apply the formula: 

EZIxR 

where 

E = voltage (in V) 

I = current Gn A) 

R = resistance (in Q) 


VOLTAGE, CURRENT, AND 
RESISTANCE RELATIONSHIP 


E = VOLTAGE (IN V) 
Г = CURRENT (IN A) 
R= RESISTANCE (INQ) 
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Example: Calculating Voltage Using Ohm's Law 


What is the voltage in a circuit that includes a 3 Q 
heating element that draws 4 A? 


JE же db xS IR 
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CALCULATING VOLTAGE 
USING OHM'S LAW 


Calculating Current Using Ohm's Law 


Ohm's law states that current (I) in a circuit is equal 
to voltage (E) divided by resistance (R). See Figure 
11-3. To calculate current using Ohm's law, apply 
the formula: 


E 
4= R 
where 


I = current (in A) 
E = voltage (in V) 
К = resistance (in Q) 


CALCULATING CURRENT 
USING ОНМ'5 LAW 


HEATING ELEMENT 
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Figure 11-3 


Example: Calculating Current Using Ohm's Law 


What is the current in a circuit with a 3 О heating 
element connected to a 12 V supply? 


E 
d 

12 
Ы 
1= 4А 


Calculating Resistance Using Оһт Law 


Ohm's law states that the resistance (R) in a circuit 
is equal to voltage (E) divided by current (I). See 
Figure 11-4. To calculate resistance using Ohm's law, 
apply the formula: 


where 

R = resistance (in Q) 

E = voltage (in V) 

I = current (in A) 

Example: Calculating Resistance Using Ohm’s Law 


What is the resistance of a circuit in which a load 
that draws 4 A is connected to a 12 V supply? 


E 
um 
p 
ur 
R=30 


CALCULATING RESISTANCE 
USING OHM’S LAW 


Voltage/Current Relationship 


Ohm's law states that if the resistance in a circuit 
remains constant, a change in current is directly pro- 
portional to a change in voltage. This is shown in 
an application that uses a variable power supply and 
has a fixed resistance load. An example is a heat 
shrink sealing gun connected to a variable power sup- 
ply. See Figure 11-5. 


In this circuit, a fixed load resistance of 4 Q is 
connected to a variable power supply which may be 
varied from 0 V to 24 V. The current in the circuit 
may be found for any given voltage by applying 
Ohm's law. For example, if the voltage in the circuit 
is set at 8 V, the current equals 2 А ($4 = 2 A). 


The graph shows the direct proportional relation- 
ship between voltage and current in the circuit. The 
voltage values are marked on the horizontal axis and 
the current values are marked on the vertical axis. 
A linear resistance line is developed when the given 
values for voltage and curr€nt are plotted on the 
graph. The plotted resistance values show how any 
change in voltage results in a proportional change in 
current. 


The direct proportional relationship may also be 
shown in a circuit that uses a defrost heating element 
as the load. See Figure 11-6. In this circuit, the sup- 
ply voltage is 12 V, and the resistance of the circuit 
load is 12 О. 
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VOLTAGE/CURRENT RELATIONSHIP 


INCREASING VOLTAGE 
INCREASES CURRENT 


DECREASING VOLTAGE 
DECREASES CURRENT 


Using Ohm's law, the current is equal to 1 A 
(1242 = 1 A). If the voltage in the circuit increases 
from 12 V to 24 V, the current in the circuit increases 
to 2 А (%2 = 2 A). If the voltage in the circuit 
decreases from 12 V to 6 V, the current in the circuit 
decreases to .5 A (912 = .5 A). 


VOLTAGE AND CURRENT DIRECT PROPORTIONAL RELATIONSHIP 
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Current/Resistance Relationship 


Ohm's law states that if the voltage in a circuit re- 
mains constant, a change in resistance produces an 
inversely proportional change in current. The current 
in a circuit decreases with an increase in resistance, 
and the current in the circuit increases with a de- 
crease in resistance. This is shown in any application 
that uses a variable resistance load. See Figure 11-7. 


CURRENT AND RESISTANCE INVERSE 
PROPORTIONAL RELATIONSHIP 


VOLTAGE REMAINS = = 
CONSTANT 


DECREASING 
RESISTANCE 
INCREASES CURRENT 


120 V 


T 
Z 
к 
= 
ш 
Be 
c 
=) 
o 


RESISTANCE (INQ) 


In this circuit, a variable resistance of between 
2 €) and 24 Q is connected to a fixed power supply. 
The current in the circuit may be found for any 
given resistance by applying Ohm's law. For ex- 
ample, if the resistance in the circuit is set at 24 Q, 
the current equals 5 A (12054 = 5 А). 

The graph shows the inverse proportional relation- 


ship between current and resistance in the circuit. 
The changing resistance values are marked on the 


horizontal axis. The changing current values are 
marked on the vertical axis. The voltage is plotted 
on the graph. The graph shows that current in a circuit 
is inversely proportional to the resistance. 


The inversely proportional relationship may also 
be shown in a circuit that uses a three element heater. 
Each heating element is connected by a four-position 
selector switch. See Figure 11-8. 


CURRENT/RESISTANCE RELATIONSHIP 
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In this circuit, the supply voltage is 12 V, and 
the load has a resistance of 6 О. Using Ohm's law, 
the current is equal to 2 A (1% = 2 A). If the resis- 
tance decreases from 6 О to 3 О, the current in the 
circuit increases to 4 A (124 = 4 A). If the resistance 
increases from 6 О to 12 О, the current in the circuit 
decreases to 1 A (1242 = 1 A). 


Applications Using Ohm's Law 


Ohm's law is used in engineering applications and 
troubleshooting applications. In engineering applica- 
tions, Ohm's law is used to solve for the proper val- 
ues of voltage, current, or resistance during circuit 
design and to predict circuit characteristics before 
power is applied to a circuit when two of the three 
electrical values are known. Calculating these values 
helps determine the correct size of conductors and 
components and the voltage level that must be used 
for proper circuit operation. 


In troubleshooting applications, Ohm's law is used 
to determine how a circuit should operate and how 
it is operating under power. When troubleshooting a 
circuit, the circuit is already designed. To determine 
the problem, voltage and current measurements are 
taken. These measured values are used to calculate 
the circuit's resistance and help locate the problem. 


For example, when the insulation of equipment or 
conductors breaks down, resistance in the circuit de- 
creases and current increases. By measuring a current 
level higher than normal, the troubleshooter knows 
that the circuit resistance has decreased or the circuit 
voltage has increased. This information may be used 
to determine potential problems such as insulation 
breakdown or a high-voltage condition. Likewise, if 
in the same circuit the measured current level is lower 
than normal, the troubleshooter knows that the circuit 
resistance has increased or the circuit voltage has 
decreased. Circuit resistance typically increases due 
to poor connections, loose connections, corrosion, or 
damaged components. 


TECH 
TIP Ensure that electrical connections are tight. 
Loose connections increase circuit resistance. 
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Using Ohm's Law When Designing Circuits 


Changing a circuit's resistance changes the amount 
of current flowing though the circuit. This principle 
is applied in any circuit that uses variable resistor 
(potentiometer or rheostat) to control a load. For ex- 
ample, variable resistors are used to control the sound 
output of speakers (volume controls), to control the 
brightness level of lamps (dimmer switches), and to 
control the amount of heat output of heating elements 
(temperature controls). See Figure 11-9. 

In this circuit, the dimmer control that adjusts the 
brightness of the panel lamps uses a rheostat as a 
dimmer control to adjust the brightness of the lamps. 
The dimmer control increases or decreases the resis- 
tance of the instrument panel lighting circuit. Adjust- 
ing the dimmer control changes the amount of current 
through the circuit and the voltage applied to the 
panel lamps. 

When designing a circuit like the automobile light- 
ing circuit, the design engineer uses Ohm's law to 
determine the resistance range required to control the 
lamps through their full range of brightness. The de- 
sign engineer determines the required resistance 
range based on the known electrical values. In this 
circuit, the known electrical values are the battery 
voltage and the current draw of the lamps selected. 

For example, if the lamps are rated at .25 A per 
bulb and four bulbs are used, the total lamp current 
is 1 A (.25 x 4 = 1 A). The resistance of the circuit 
at full lamp brightness equals 12 Q (124 1 = 12 Q). 


Knowing that the total resistance is 12 W and the 
total current is 1 A, the design engineer can determine 
the required variable resistor range to control the 
lamps. For example, if the midrange of the dimmer 
switch is to produce a 50% lamp brightness, the cur- 
rent has to be reduced by 5096. A 50% current value 
of .5 A (1 х .5 = .5 A) is used to find the total 
circuit resistance required. The total required circuit 
resistance equals 24 О (12 + .5 = 24 Q). Fifty per- 
cent lamp brightness resistance equals 24 О. 


Thus, 24 О total resistance is required to reduce 
the brightness of the lamps by 50%. Since the four 
lamps produce 12 О of resistance, an additional 12 Q 
of resistance must be produced by the dimmer con- 
trol. In this application, a variable resistor that pro- 
duced 12 О of resistance at midrange is required. 
By using Ohm's law, the design engineer has deter- 
mined that a variable resistor that has a full range 
of 0 О to 24 О (using 12 © as the midrange) could 
be used as the panel lamp dimmer control. 
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AUTOMOBILE LIGHTING CIRCUIT 
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George S. Ohm discovered that all electrical d 
quantities are proportional to each other and || 
can therefore be expressed as mathematical Е 
formulas. i 


Using Ohm's Law When Troubleshooting 


Ohm's law is used during troubleshooting to determine 
circuit conditions. Voltage and current measurements 
are taken because resistance cannot be measured on a 
circuit that is powered. After voltage and current meas- 
urements are taken, Ohm's law is applied to deter- 
mine the resistance of the circuit. See Figure 11-10. 
In this circuit, the resistance of an electric heater 
may be determined by measuring the circuit's voltage 
and current. Using Ohm's law, the normal circuit's 
resistance is equal to 60 О (24% = 60 О). 


A troubleshooter can use the 60 © resistance 
value to help determine the cendition of the circuit. 
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For example, if the ammeter measured 3 A instead 
of 4 A, the troubleshooter knows that the circuit's 
resistance has increased (249% = 80 О). An addi- 
tional 20 Q of circuit resistance is present (80 О — 
60 Q=20 О). The troubleshooter knows that the ad- 
ditional 20 О could come from a loose (or dirty) 


connection or open coil sections. Open coil sec- 
tions increase the total circuit resistance. 


Likewise, if the ammeter measured 6 A instead of 
4 A, the troubleshooter knows that the circuit's resis- 


tance has decreased (24% = 40 О). Because the circuit’s 


resistance has decreased by 20 Q, the troubleshooter 
knows that the decreased resistance could be caused 
by a partially shorted coil or insulation breakdown. 
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CALCULATING POWER 
USING POWER FORMULA 


Connecting batteries in series increases the | 
| total voltage. Connecting batteries in parallel | 


increases the total current available. 


Power Formula 


The power formula is the relationship between power 
(Р), voltage (E), and current (Т) in an electrical cir- 
cuit. Any value in this relationship may be found 
using the power formula when the other two are 
known. Using the formula listed in a chart form, the 
unknown value is converted. The relationship be- 
tween power, current, and voltage may be visualized 
by presenting the power formula in pie chart form. 
See Figure 11-11. 
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P- ExI Calculating Power Using Power Formula 
POWER - VOLTAGE x CURRENT 


The power formula states that power (P) in a circuit 
is equal to voltage (E) times current (I). See Figure 
11-12. To calculate power using the power formula, 


apply the formula: 
POWER PPY 


CURRENT DE. Л 


where 
P = power (in W) 
E = voltage (in V) 


. POWER . I = current (in A) 
VOLTAGE 


Example: Calculating Power Using Power Formula 


What is the power of a load that draws .5 A when 
connected to a 120 V supply? 


P. olarity must be observed when connecting me- | P-EXxI 
ters to a DC circuit or negative values will result. | 
" Ld Р = 120 х .5 


Р = 60 W 


Calculating Voltage Using Power Formula 


The power formula states that voltage (E) in a circuit 
is equal to power (P) divided by current (I). See Fig- 
ure 11-13. To calculate voltage using the power for- 
mula, apply the formula: 

S 


I 
where 
E = voltage (in V) 
P = power (in W) 
I = current (in A) 


CALCULATING VOLTAGE 
USING POWER FORMULA 


Example: Calculating Voltage Using Power 
Formula 


What is the voltage in a circuit in which a 60 W 
load draws .5 A? 
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Calculating Current Using Power Formula 


The power formula states that current (I) in a circuit 
is equal to power (P) divided by voltage (E). See 
Figure 11-14. To calculate current using the power 
formula, apply the formula: 


P 
Е Е 
where 


= current (in А) 
P = power (in W) 
E = voltage (in V) 


CALCULATING CURRENT 
USING POWER FORMULA 


Example: Calculating Current Using Power 
Formula 


What is the current in a circuit in which a 60 W 
load is connected to a 120 V supply? 


P 
E 
60 
I = 720 
TSA 
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Power/Current Relationship 


The power formula states that if the voltage in a circuit 
remains constant and the power required from the cir- 
cuit changes, the current in the circuit also changes. 
The power required from a circuit changes any time 
loads are added (power increase) or removed (power 
decrease). This principle is shown in any circuit when 
loads are added. See Figure 11-15. 

In this circuit, a 240 W fan, a 120 W sign, and a 
1200 W motor are connected to a 120 V supply. The 
total circuit current may be found using the power 
formula. For example, when the 240 W fan 15 turned 


POWER/CURRENT RELATIONSHIP 


120 VAC 


1200 W LOAD 


ON, the total circuit current equals 2 A (24020 = 2 
A). The current of the fan equals 2 A. 


If, in addition to the fan being ON, the sign is also 
turned ON, the circuit’s current increases by 1 A 
(120459 = 1 A). The current of the sign equals 1 A. The 
total current with both the fan and the sign ON equals 
ЗА (2+1=3 A). 


If, in addition to the fan and sign being ON, the 
motor is also turned ON, the circuit's current in- 
creases by 10 A (1200159 = 10 A). The current of the 
motor equals 10 A. The total circuit current with all 
three loads ON equals 13 A (2 + 1 + 10 = 13 A). 
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Applications Using Power Formula 


Like Ohm's law, the power formula is used when 
troubleshooting and to predict circuit characteristics 
before power is applied. Any electrical value (P, E, 
or I) can be calculated when the other two values 
are known or measured. The power formula is useful 
when determining expected current values because 
most electrical equipment lists a voltage and power 
rating. The listed power rating is given in watts for 
most appliances and heating elements or in horse- 
power for motors. 


Heat is produced any time electricity passes 
through a wire that has resistance. This method is 
used to produce heat in such devices as toasters, port- 
able space heaters, hair dryers, and electric water 
heaters. When selecting a heating element, the size 
of the heating element is usually stated in watts. The 
size selected is based on the application. The greater 
the required heat output, the higher the required watt- 
age. Once a wattage size is selected, the current draw 
is determined by using the power formula. For ex- 
ample, if a 2000 W heating element is connected to 
a 115 V supply, the circuit's current equals 17.39 A 
(2000115 = 17.39 A). See Figure 11-16. 
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Finding the current value (17.39 A) is required 
because the wire size, switch rating, and fuse (or 
circuit breaker) rating are all based on the amount 
of current. Likewise, the conduit size is based on the 
wire size. Thus, knowing the amount of current a 
load draws is essential to putting a system together. 


Combining Ohm's Law and Power Formula 


Ohm's law and the power formula may be com- 
bined mathematically and written as any combina- 
tion of voltage (E), current (I), resistance (R), or 
power (P). This combination lists six basic formu- 
las and six rearranged formulas. See Figure 11-17. 
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иаа VOLTAGE, CURRENT, AND 

IMPEDANCE RELATIONSHIP 
Ohm's law and the power formula are limited to cir- 
cuits in which electrical resistance is the only sig- 


nificant opposition to the flow of current. This E = VOLTAGE (IN V) 
limitation includes all direct current (DC) circuits SEED SNO) 


and any alternating current (AC) circuits that do not 
contain a significant amount of inductance and/or ca- 
pacitance. AC circuits that do not include inductance 
and/or capacitance include such devices as heating 
elements and incandescent lamps. AC circuits that 
include inductance are any circuits that include a coil 
as the load. Motors, transformers, and solenoids all 
include coils. AC circuits that include capacitance 
are any circuits that include a capacitor(s). 


VOLTAGE = CURRENT x IMPEDANCE 


In DC circuits and AC circuits that do not contain 
a significant amount of inductance and/or capaci- 
tance, the opposition to the flow of current is resis- i 2 

: : mE VOLTAGE 

tance (R). In circuits that contain inductance (XL) Е ace 
or capacitance (Xc), the opposition to the flow of 
current is reactance (X). In circuits that contain re- 
sistance (R) and reactance (X), the combined oppo- 
sition to the flow of current is impedance (Z). 
Impedance is stated in ohms. 


Ohm’s law is used in circuits that contain im- 
pedance, however, Z is substituted for R in the for- 
mula. Z represents the total resistive force (resistance 2 
and reactance) opposing current flow. The relation- 
ship between voltage (E), current (I), and impedance 
(Z) may be visualized by presenting the relationship 
in pie chart form. See Figure 11-18. 


Ze- 

І 
IMPEDANCE = VOLTAGE 
CURRENT 


Series Connections 


Switches, loads, meters, fuses, circuit breakers, and 
other electric components can Be connected in series. 
A series connection has two or more components 
connected so there is only one path for current flow. 
Opening the circuit at any point stops the flow of 
current. Current stops flowing any time a fuse blows, 
а circuit breaker trips, or a switch or load opens. 


A fuse blows or circuit breaker trips when the cir- 
cuit is overloaded. A switch is opened any time the 
circuit is turned OFF. The opening of a switch may 
be manual (toggle switches, etc.), mechanical (limit 
switches), or automatic (temperature switches). A 
load opens any time the load's current-consuming 
component (lamp filament, motor winding, etc.) 
burns or breaks open. See Figure 12-1. 
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Recognizing series-connected components and 
circuits enables a technician or troubleshooter to 
take proper measurements, make circuit modifica- 
tions, and troubleshoot the circuit. А schematic or 
line diagram is normally used when illustrating a 
series-connected circuit. A schematic or line dia- 
gram shows the circuit in its simplest form. 


Series Circuit Polarity 


All DC voltage sources have a positive and a negative 
terminal. The positive and negative terminals establish 
polarity in a circuit. All points in a DC series circuit 
have polarity. Polarity is the positive (+) or negative 
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(—) state of an object. In a DC series circuit, each com- 
ponent (switch, load, fuse, etc.) has a positive polarity 
side and a negative polarity side. The side of the com- 
ponent closest to the positive voltage terminal is the 
positive polarity side. The side of the component closest 
to the negative voltage terminal is the negative polarity 
side. See Figure 12-2. 
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Series Switch Connections 


АП switches connected in series must be closed before 
current flows in the circuit. Opening any one or more 
of the switches stops current flow. Series-connected 
switches include any manual, mechanical, or automatic 
switch. Switches are usually connected in series to build 
safety into a circuit. For example, a microwave oven 
includes a limit switch in the door. The limit switch is 
connected in series with the oven ON switch. The oven 
cannot be turned ON unless the limit switch is closed 
and the oven ON switch is closed. 


Manually-operated switches are often connected 
in series with automatic switches. The manual switch 
provides a point in the circuit for removing power 
when switched to the OFF position. For example, a 
manually-operated system ON/OFF switch is in- 
cluded with most thermostats. The manual switch can 
be used to turn OFF the automatically-operated heat- 
ing and air conditioning system. See Figure 12-3. 
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Resistance in Series Circuits 


Resistance is the opposition to current flow. The total 
resistance in a circuit containing series-connected 
loads equals the sum of the resistances of all loads. 
The resistance in the circuit increases if loads are 
added in series and decreases if loads are removed. 
See Figure 12-4. To calculate total resistance of a 
series circuit, apply the formula: 
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Rr = Кү + Ro + R3 +... 
where 

Кт = total resistance (in О) 
Ri = resistance 1 (in Q) 
R2 
R3 


resistance 2 (in Q) 
resistance 3 (in Q) 


Example: Calculating Total Resistance in Series 
Circuits 


What is the total resistance of a circuit containing 
resistors of 25 Q, 50 О, and 75 О connected in series? 


Кт = Ri + Ко + R3 
Rr = 25 + 50 + 75 
Кт = 150 Q 


SERIES CIRCUIT TOTAL RESISTANCE 
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Voltage in Series Circuits 


The voltage applied across loads connected in series 
is divided across the loads. Each load drops a set 
percentage of the applied voltage. The exact voltage 
drop across each load depends on the resistance of 
each load. The voltage drop across each load is the 
same if the resistance values are the same. The load 
with the lowest resistance has the lowest voltage drop 
and the load with the highest resistance has the high- 
est voltage drop. See Figure 12-5. 


In an ideal circuit, the load(s) should be the only 
devices in the circuit that have resistance. For this 
reason, all of the power supply voltage should be 
dropped across them. However, any other part of an 
electrical circuit may also have a voltage drop across 
it. For example, mechanical switches that are burnt, 
corroded, or not making good contact have a voltage 
drop across them. The higher the voltage drop, the 


more damaged the switch. Likewise, the conductors 
(wires, etc.) that connect the electrical circuit to- 
gether also have a voltage drop across them. In the- 
ory, the voltage drop across conductors should be 
zero. In fact, all conductors have some voltage drop 
across them. 


Small conductors have a higher resistance than 
large conductors made of the same material. Thus, 
undersized conductors have a higher voltage drop 
across them. Conductors should be sized large 
enough to prevent no more than a 346 voltage drop 
from the power source to the load. The voltage drop 
across conductors and switches can be measured us- 
ing a voltmeter. 

АП loads have some resistance value. The higher 
the power rating of a load, the lower the resistance 
value. The lower the power rating of a load, the higher 
the resistance value. Loads can be lamps, heating ele- 
ments, solenoids, motors, bells, horns, or any device 
that uses electrical energy. 
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Loads are normally represented in a schematic dia- Example: Calculating Voltage in Series Circuits 
gram by the resistor symbol. The sum of all the voltage What is the total applied voltage of a circuit con- 
drops in a series circuit is equal to the applied voltage taining 2 V, 4 V, and 6 V drops across three loads? 
because the voltage in a series circuit is divided across Er = Ер + E2 + Ез +... 
all the loads in the circuit. See Figure 12-6. To calculate КОСО 6 
total voltage in a series circuit when the voltage across Er = 12 V 
each load is known or measured, apply the formula: 

Ет = Е + E2 + Ез +... 

where gp feed аблахо титаните SN AAA A ARO RE UNA зактар ОТ | 

Бы 5 А b 16 
Ет = total applied voltage (іп V) | ТЕСН INever touch the terminals of a capacitor even — 
Еј = voltage drop across load 1 (in V) | ТІР if the capacitor is not connected into a circuit | 

Й 1 because a capacitor can store a charge for a 
E2 = voltage drop across load 2 (in V) | long time. 
Ез = voltage drop across load 3 (in V) - —— ——— 
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Current in Series Circuits 


The current in a circuit containing series-connected 
loads is the same throughout the circuit. The current 
in the circuit decreases if the circuit's resistance in- 
creases and the current increases if the circuit's re- 
sistance decreases. See Figure 12-7. To calculate total 
current of a series circuit, apply the formula: 

[т = ее 13 

where 

Іт = total circuit current (in А) 


Г = current through component 1 (in A) 
h = current through component 2 (in А) 
13 = current through component 3 (in A) 


Example: Calculating Current in Series Circuits 


What is the total current through a series circuit 
if the current measured at each of six different 
loads is .25 A (250 mA)? 


16 
25) e QU 


ЦЕ Е I3 uS 

[paa ee 

Ips25 A 

Each component must be sized to safely pass the 
current of the loads because the current through the 
switches, fuses, and other components equals the cur- 
rent through each load. 


Power in Series Circuits 


Power is produced when voltage is applied to a load 
and current flows through the load. The power pro- 
duced is used to produce light (lamps), heat (heating 
elements), rotary motion (motors), or linear motion 
(solenoids). 

The lower the load's resistance or higher the ap- 
plied voltage, the more power produced. The higher 
the load's resistance or lower the applied voltage, 
the less power produced. The amount of power pro- 
duced is measured in watts (W). 
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The amount of power produced by a load is equal 
to the voltage drop across the load times the current 
through the load. The total power in a circuit is equal 
to the sum of the individual power produced by each 
load. See Figure 12-8. 
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To m total power in a series circuit when 
the power across each load is known or measured, 
apply the formula: 


Pr = ГІС Ро + Pa. 

where 

PT = total circuit power (in W) 
Pı = power of load 1 (in W) 
P2 = power of load 2 (in W) 
P3 = power of load 3 (in W) 


Example: Calculating Total Power in Series 
Circuits 


What is the total power in a series circuit if three 
loads are connected in series and each load produces 
2 W? 

JE c M D XEM E. 

Рио +2 

Pr=6 W 
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Series Circuit Application 


The individual concepts and formulas for series cir- 
cuits can be applied for a total understanding of cir- 
cuit operation when designing and troubleshooting 
circuits. For example, a typical coffeemaker applies 
the concepts of a basic series circuit to brew and 
keep coffee warm. See Figure 12-9. 
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CIRCUIT CONDITION DURING WARMING 


The coffeemaker includes a brew heating element, 
a warm heating element, an ON/OFF switch, and a tem- 
perature switch. The brew heating element heats the 
water and forces it over the coffee grounds. The warm 
heating element keeps the coffee warm after brewing. 
Since the brew heating element must produce more 
power than the warm heating element, the brew element 
has a lower resistance value than the warm heating ele- 
ment. The ON/OFF switch starts and stops the process. 
The temperature switch changes the circuit's total re- 
sistance after the coffee is brewed. 
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The total resistance of the circuit is equal to the 
resistance of the brew heating element when the cof- 
fee brew cycle is started. The warm heating element 
is not a part of the electrical circuit at this time be- 
cause the normally closed temperature switch short 
circuits the warm heating element during brewing. 

The current in the circuit during brewing is found 
by applying Ohm's law. To calculate circuit current 
during brewing, apply the formula: 

E 


R 
where 
I = current during brewing (in A) 
E = applied voltage (in V) 
R = brew heating element resistance (in Q) 


Example: Calculating Brewing Current 


What is the current in the circuit during brewing 
when the applied voltage is 120 V and the brew heat- 
ing element resistance is 16 Q? 


_Е 
~ R 
120 
a 16 
JU SUN 


The power in the circuit during brewing can be 
found by applying the power formula. To calculate 
power during brewing, apply the formula: 

ВЕЕ 

where 

P = power during brewing (in W) 

E = applied voltage (in V) 

] = current during brewing (in A) 


Example: Calculating Brewing Power 


What is the power in the circuit during brewing 
when the applied voltage is 120 V and the circuit 
current is 7.5 A? 


P=Ex! 
P= [0 7.5 
P = 900 W 


The temperature increases after all the water is 
forced over the brew heating element. The increased 
temperature opens the temperature switch. The warm 
heating element and the brew heating element are 
connected in series when the temperature switch 
opens. The total resistance of the series circuit is 
found by adding the resistances of each series-con- 
nected component. To calculate the total resistance 
during warming, apply the formula: 

RE = "Rie 9) 

where 


Rr = total circuit resistance (in Q) 

Ку = resistance of warm heating element (in Q) 

R2 = resistance of brew heating element (in Q) 

Example: Calculating Total Resistance During 
Warming 

What is the total resistance in a circuit containing 
resistances of 224 О and 16 Q? 


ip SS Way AR? 
Rr = 224 + 16 
Rr = 240 Q 


The current in the circuit during warming is found 
by applying Ohm’s law. 

Example: Calculating Warming Current 

What is the current in the circuit during warming 
when the applied voltage is 120 V and the total circuit 
resistance is 240 Q? 


Е 
"m 

120 
1 = 240 
= аА 


The power in the circuit during warming is found 
by applying the power formula. 


Example: Calculating Warming Power 


What is the power in the circuit during warming 
when the applied voltage is 120 V and the circuit 
current is .5 A? 


Р= ЕхІ 
Р = 120 x.5 
Р = 60 W 


Capacitors in Series Circuits 


Capacitance (C) is the property of an electric device 
that opposes a change in voltage due to its ability to 
store electrical energy by means of an electrostatic 
field. A capacitor is an electric device designed to store 
electrical energy by means of an electrostatic field. See 
Figure 12-10. 

А capacitor consists of two metal plates (conduc- 
tors) separated by a dielectric (insulating material). 
The dielectric can be air, paper, mica, ceramic, or 
any other insulator. The capacitor is charged when 
voltage is applied to its leads and the voltage across 
the metal plates is equal to the applied voltage. The 
capacitor holds its charge when the applied voltage 
is removed. The capacitor discharges whenever there 
is a path for current flow between the two leads of 
the capacitor. The stored voltage of a capacitor is used 
in many electrical and electronic applications. 
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The unit used to measure capacitance is the farad 
(F). The farad is a large unit of capacitance and is 
not normally used when stating capacitance. The 
most common unit of capacitance is the microfarad 
(uF). One uF equals !й,000,000Е. See Figure 12-11. 

To calculate total capacitance of two capacitors 
connected in series, apply the formula: 
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D- CISC 
C14 C5 
where 


CT = total capacitance (in ЦЕ) 
Сі = capacitance of capacitor 1 (in WF) 
C2 = capacitance of capacitor 2 (in uF) 
Example: Calculating Total Capacitance of Two 
Capacitors 
What is the total capacitance of a 100 uF and 50 
НЕ capacitor connected in series? 
| cix Co 
© Cit 2 
ПЕ 100x 50 
100+ 50 


Ст = 33.33 Е 

To calculate total capacitance of three or more са- 
pacitors connected in series, apply the formula: 

LE 

(б Cr бу 

where 

Ст = total capacitance (in UF) 

Ci = capacitance of capacitor 1 (in HF) 

C2 = capacitance of capacitor 2 (in НЕ) 

Сз = capacitance of capacitor 3 (in НЕ) 

Example: Calculating Total Capacitance of 
Three Capacitors 

What is the total capacitance of a 200 uF, 100 
uF, and a 300 uF capacitor connected in series? 

СОИ РЕ A. 

Cr Sey Co ЕЕ 

E m 

Cr 200 100 300 


| _ 005 4.01 + 0033 

Ci ' 

1 

Cae .0183 or Cr = 54.64 UF 


Inductors in Series Circuits 


Inductance (L) is the property of an electric device that 
opposes a change in current due to its ability to store 
electrical energy in a magnetic field. A coil of wire 
(coil or choke) is an electric device designed to store 
electrical energy by means of a magnetic field. 
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The three common inductors used in electrical and 
electronic applications are the air-core, iron-core, and 
ferrite-core inductors. An air-core inductor consists 
of a coil of wire wrapped around a hollow core. An 
iron-core inductor consists of a coil of wire wrapped 
around a laminated steel core. A ferrite-core inductor 
consists of a coil of wire wrapped around a ceramic 
material (ferrite). The ferrite-core inductor consists 
of a movable core that can be adjusted for different 
circuit-tuning applications. 

A magnetic field builds up around the wire and core 
when current is applied to an inductor. This magnetic 
field causes a counter voltage to be induced in the coil. 
This counter voltage opposes the applied voltage and 
remains at a constant value when fully energized. This 
counter voltage opposes any change in current flow. 
The unit used to measure inductance is the henry (H). 
See Figure 12-12. 

To calculate total inductance of inductors con- 
nected in series, apply the formula: 

LT = L| + L2 + La +... 

where 

LT = total inductance (in Н) 

Lı = inductance of inductor 1 (in Н) 

L2 = inductance of inductor 2 (in Н) 

L3 = inductance of inductor 3 (in Н) 


il 


Example: Calculating Total Inductance 


What is the total inductance of a 5 mH, 10 mH, 
and 20 mH inductor connected in series? 
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Batteries and Solarcells in Series Circuits 


A battery is a DC voltage source that converts chemi- 
cal energy to electrical energy. Batteries are con- 
structed by connecting individual cells in series, 
parallel, or series/parallel combinations. 


A cell is a unit that produces electricity at a fixed 
voltage and current level. The voltage potential of 
a battery is increased when cells are connected in 
series. Cells must have the same voltage rating when 
connected in series. 


A solarcell is a voltage source that converts light 
energy to electrical energy. Solarcells are used in 
place of batteries in low-current devices, such as cal- 
culators, or to recharge battery-operated devices. So- 
larcells are used individually or in combination to 
increase voltage and current. Solarcells are connected 
in series, parallel, or in series/parallel. The voltage 
potential is increased when solarcells are connected 
in series. See Figure 12-13. 
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Parallel Connections 


Switches, loads, meters, and ether components can 
be connected in parallel. A parallel connection has 
two or more components connected so that there is 
more than one path for current flow. 


Care must be taken when working with parallel 
circuits because current can be flowing in one part 
of the circuit even though another part of the circuit 
is turned OFF. Understanding and recognizing par- 


PRACTICES 


allel-connected components and circuits enables a 
technician or troubleshooter to take proper measure- 
ments, make circuit modifications, and troubleshoot 
the circuit. See Figure 13-1. 
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Parallel Circuit Polarity 


АП DC voltage sources have a positive and a negative 
terminal. The positive and negative terminals establish 
polarity in a circuit. Polarity is the positive (+) or nega- 
tive (—) state of an object. АП points in a DC parallel 
circuit have polarity. In a parallel DC circuit, each com- 
ponent (meter, load, fuse, etc.) has a positive polarity 
side and a negative polarity side. The side of the com- 
ponent closest to the positive voltage source terminal 
is the positive polarity side. The side of the component 
closest to the voltage source negative terminal is the 
negative polarity side. See Figure 13-2. 
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Parailel Switch Connections 


Parallel-connected switches include any manual, me- 
chanical, or automatic switches. One or more paral- 
lel-connected switches must be closed to start current 
flow. All switches must be opened to stop current 
flow. Switches are usually connected in parallel to 
provide additional turn-ON points. For example, sev- 
eral pushbuttons may be connected in parallel to turn 
ON a doorbell. The switches may be located at the 
front, back, and side doors. See Figure 13-3. 
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Manually-operated switches are often connected 
in parallel with mechanical and automatic switches. 
A manual switch is used to override the mechanical 
or automatic switch. For example, the dome light in 
an automobile is automatically turned ON when a 
door is opened and turned OFF when the door is 
closed by a limit switch built into the door. A manual 
switch (usually built into the headlight control 
switch) is connected in parallel with the door limit 
switch so that the dome light can be manually turned 
ON even if all the doors are closed. 


Resistance in Parallel Circuits 


Resistance is the opposition to current flow. The total 
resistance in a circuit containing parallel-connected 
loads is less than the smallest resistance value. The 
total resistance decreases if loads are added in par- 
allel and increases if loads are removed. See Figure 
13-4. To calculate total resistance in a parallel circuit 
containing two resistors, apply the formula: 


H 


Е R| x 2 
= Ri + Кә 
where 
Кт = total resistance (in О) 
Rı = resistance 1 (in О) 
R2 = resistance 2 (in Q) 


Example: Calculating Total Resistance — Two 
Resistors Connected in Parallel 


What is the total resistance in a circuit containing 
resistors of 300 Q and 600 Q connected in parallel? 


Е Кух R2 
Pu Ri R2 
_ 300х600 
T 7 300 + 600 
180,000 
RT = ^ 900 
Rr = 200 О ғ 


To calculate total resistance in a parallel circuit 
with three or more resistors, apply the formula: 


1 
Е ат 
КАШКАЛАК; 
where 


RT = total resistance (in Q) 
Ri = resistance | (in Q) 
R2 = resistance 2 (in 22) 
Ёз = resistance 3 (in Q) 


Example: Calculating Total Resistance — Three 
Resistors Connected in Parallel 


What is the total resistance in a circuit containing 
three resistors of 5000 Q, 2000 Q, and 10,000 Q 
connected in parallel? 


1 

таша 
Ri Ro Ra 

p m E ==. 
шы 1 | 
5000 ` 2000 10,000 

1 
Кт = = 
T = "0002+ .0005+ .0001 
1 
Кт = “008 
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Voltage in Parallel Circuits 


The voltage across each load is the same when loads 
are connected in parallel. The voltage across each 
load remains the same if parallel loads are added or 
removed. See Figure 13-5. Connecting loads in par- 
allel is the most common method used to connect 
loads. For example, loads such as lamps, small ap- 
pliances, fans, TVs, etc., are all connected in parallel 
when connected to a branch circuit. See Figure 13-6. 

To calculate total voltage in a parallel circuit when 
the voltage across a load is known or measured, apply 
the formula: 

Ет = Е = Е =. 

where 

ET = total applied voltage (in V) 

E| = voltage across load 1 (in V) 

E2 = voltage across load 2 (in V) 


C: 


А short circuit has zero resistance. When one 
branch of a parallel circuit is short circuited, 
all other paths are also short circuited. 
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Example: Calculating Voltage in Parallel Circuits 


What is the total voltage if the voltage across each 
load is measured at 112 VAC with a voltmeter? 


Er = (6 = IE 
та MIA ==} 
Er = 112 VAC 
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PARALLEL CIRCUIT TOTAL VOLTAGE 


Current in Parallel Circuits 


Total current in a circuit containing parallel-con- 
nected loads equals the sum of the current through 
all the loads. Total current increases if loads are 
added in parallel and decreases if loads are removed. 
See Figure 13-7. To calculate total current in a par- 
allel circuit, apply the formula: 


Іт= П + р +13 +... 
where 
Іт = total circuit current (in A) 


Г = current through load 1 (in A) 
72 = current through load 2 (in A) 
Із = current through load 3 (in А) 


Example: Calculating Current in Parallel Cir- 
cuits with Several Loads 


What is the total current in a circuit containing four 
loads connected in parallel if the current through the 
four loads is .833 A, 6.25 A, 8.33 A, and 1.2 A. 


Ir = П + [2 + 1з + 14 
Іт = 833 + 6.25 + 8.33 + 1.2 
Ir = 16.613 A 
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Power in Parallel Circuits 


Power is produced when voltage is applied to a load and 
current flows through the load. The power produced is 
used to produce light, heat, rotary motion, or linear mo- 
tion. The lower the load's resistance or higher the applied 
voltage, the more power produced. The higher the load's 
resistance or lower the applied voltage, the less power 
produced. Power produced is measured in watts. 
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The current through each load and the total circuit 
current must be known when designing and trou- 
bleshooting a circuit. When designing a circuit, the 
size of wire used is based on the amount of expected 
current. The greater the current flow, the larger the 
required wire size. The lesser the current flow, the 
smaller the. required wire size, which reduces circuit 
cost. When troubleshooting a circuit, an overloaded 
circuit has a higher-than-normal current reading. A 
circuit with a lower-than-expected current reading 
may have a loose connection. A loose connection in- 
creases the circuit resistance and decreases the circuit 
current. 
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Power produced by a load is equal to the voltage 
drop across the load times the current through the 
load. Total power is equal to the sum of the power 
produced by each load. See Figure 13-8. To calculate 
total power in a parallel circuit when the power 
across each load is known or measured, apply the 
formula: 

P= Pi HEE РЗ a 

where 

Рт = total circuit power (in W) 

Pı = power of load 1 (in W) 

P2 = power of load 2 (in W) 

P3 = power of load 3 (in W) 
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Example: Calculating Power in Parallel Cir- 
cuits with Several Loads 


What is the total circuit power if four loads are 
connected in parallel and the loads produce 100 W, 
750 W, 1000 W, and 150 W? 

Рт = Pi + P2 + P3 + P4 

Рт = 100 + 750 + 1000 + 150 

Pr = 2000 W 
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Parallel Circuit Application 


The individual concepts and formulas for parallel cir- 
cuits can be applied for a total understanding of cir- 
cuit operation when designing and troubleshooting 
circuits. For example, a waffle iron applies the con- 
cepts of a basic parallel circuit to heat the upper and 
lower heating elements. See Figure 13-9. 
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The waffle iron includes a heating element that 
heats the upper section and a heating element that 
heats the lower section. The two heating elements 
are connected in parallel. An ON/OFF temperature 
contro) switch is used to turn ON the heating ele- 
ments and control the temperature. A temperature 
switch is wired in series with the ON/OFF tempera- 
ture control switch to turn power OFF if overheating 
occurs in the circuit. To calculate the total power of 
the waffle iron, apply the formula: 


РЕР ҮР? 

where 

PT = waffle iron total power (in W) 

P; = power of upper heating element (іп W) 
P2 = power of lower heating element (in W) 


Example: Calculating Waffle Iron Total Power 


What is the total power in the waffle iron circuit 
containing two heating elements with power ratings 
of 750 W? 


Рт ex Pi F P7 
pS 11510) TIS) 
Pr = 1500 W 


To calculate the total current used by both waffle 
iron heating elements, apply the formula: 


iE 

DE 

щш: 
where 


Ir = total current of both heating elements (in A) 
P = total power of waffle 1гбп (in W) 
E = total voltage (in V) 


Example: Calculating Waffle Iron Total Current 


What is the total current in the waffle iron if the 
total power is 1500 W and the total voltage is 120 V? 


Р 
їт = E 
1500 
L 00 
Ir = 12.5 A 


To calculate total resistance of the waffle iron, apply 
the formula: 


where 

Rr = waffle iron total resistance (in Q) 
E = waffle iron total voltage (in V) 

I = waffle iron total current (in A) 


Example: Calculating Waffle Iron Total Resistance 


What is the total resistance of the waffle iron if 
the total voltage is 120 V and the total current is 
12.5 A? 


E 
Кт = 1 

120 
и 


Rr = 9.6 Q 
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Capacitors in Parallel Circuits 


Capacitance is the property of an electric device that 
opposes a change in voltage due to its ability to store 
electrical energy by means of an electrostatic field. 
A capacitor is an electric device designed to store 
electrical energy by means of an electrostatic field. 
The equivalent capacitance of capacitors connected 
in parallel is equal to the sum of the individual ca- 
pacitors. See Figure 13-10. To calculate total capaci- 
tance of two capacitors connected in parallel, apply 
the formula: 

Ст = Ci + C2 +... 

where 

CT = total capacitance (in F) 

Cı = capacitance of capacitor 1 (in F) 

C2 = capacitance of capacitor 2 (in UF) 


Example: Calculating Total Capacitance — 
Capacitors Connected in Parallel 

What is the total capacitance of a 100 uF capaci- 
tor connected in parallel with a 50 uF capacitor? 

Ст = C1 + C2 

CT = 100 + 50 

CT = 150 uF 
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Inductors in Parallel Circuits 


Inductance is the property of an electric device that 
opposes a change in current due to its ability to store 
electrical energy stored in a magnetic field. Inductance 
is measured in Henrys (H). See Figure 13-11. 
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To calculate total inductance of inductors con- 
nected in parallel, apply the formula: 


1 
MENU 
jij, Jb Jig 
where 


Lr = total inductance (in Н) 

L| = inductance of inductor 1 (in H) 
L2 = inductance of inductor 2 (in Н) 
L3 = inductance of inductor 3 (in Н) 


Example: Calculating Total Inductance — 
Inductors Connected in Parallel 


What is the total inductance in a circuit con- 
taining three inductors of 5 mH, 10 mH, and 20 
mH connected in parallel? 


1 


Lr = ———— 

a 20.14.05 
1 

ыш: 

Lr = 2.86 Н 


Batteries and Solarcells in Parallel Circuits 


A battery is a DC voltage source that converts chemi- 
cal energy to electrical energy. Batteries are con- 
structed by connecting individual cells in series, 
parallel, or series/parallel combinations. A cell is a 
unit that produces electricity at a fixed voltage and 
current level. The current capacity of a battery is 
increased by connecting cells in parallel. 


A solarcell is a voltage source that converts light 
energy to electrical energy. Solarcells are used in 
place of batteries in low-current devices, such as 
calculators, or are used to recharge battery-oper- 
ated devices. Solarcells are connected in series, 
parallel, or series/parallel. The current capacity is 
increased when solarcells are connected in parallel. 
See Figure 13-12. 
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series/parallel connection. A series/parallel connec- 
tion is a combination of series- and parallel-con- 
nected components. The majority of all circuits 
contain series/parallel-connected components. See 
Figure 14-1. 
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Care must be taken when working with series/par- 
allel circuits because current can flow in one part of 
the parallel circuit even though another part of the 
circuit is turned OFF. In most circuits, loads such as 
lamps, motors, and solenoids are normally connected 
in parallel. Switches, fuses, and circuit breakers that 
control and monitor the current through the loads are 
connected in series. Voltmeters are connected in par- 
allel when taking load measurements. Ammeters are 
connected in series with the load. Understanding and 
recognizing series- and parallel-connected compo- 
nents and circuits enables a technician or trouble- 
shooter to take proper measurements, make circuit 
modifications, and troubleshoot the circuit. 


— — ree ee -— 


. 
А m 
| ds Always install switches that are large enough | 


and have a strong electrical connection (good | || 
closing force). 
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Series/Parallel Circuit Polarity 


All DC voltage sources have a positive and a negative 
terminal. The positive and negative terminals establish 
polarity in the circuit. All points in a DC series/parallel 
circuit have polarity. Each component (switch, load, 
fuse, etc.) in a DC series/parallel circuit has a positive 
polarity side and a negative polarity side. The side of 
the component closest to the positive voltage terminal 
is the positive polarity side. The side of the component 
closest to the negative voltage terminal is the negative 
polarity side. See Figure 14-2. 


Series/Parallel Switch Connections 


Two or more switches must be closed before current 
flows when the switches are connected in series/par- 
allel. Any one or more series-connected switches or 
all parallel-connected switches must be opened to 
stop current flow. 
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Many circuits include switches that are connected 
in series/parallel combinations. The parallel-con- 
nected switches provide different control points and 
the series-connected switches provide safety. Safety 
is provided by connecting the series-connected 
switches to doors and guards. For example, most 
copiers and printers include built-in limit switches 
that automatically turn OFF the machine if a machine 
service door is open. See Figure 14-3. 
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The resistance of materials (conductors, etc.) | 
increases as the temperature of the material 
increases. li 


Resistance in Series/Parallel Circuits 


Resistors and loads, such as heating elements, are 
often connected in a series/parallel combination. A 
series/parallel circuit can contain any number of in- 
dividual resistors (loads) connected in any number 
of different series/parallel circuit combinations. The 
series/parallel combination is always equal to one 
combined total resistance value. The total resistance 
in a circuit containing series/parallel-connected re- 
sistors equals the sum of the series loads and the 
equivalent resistance of the parallel combinations. 
See Figure 14-4. 


To calculate total resistance in a series/parallel 
circuit that contains two resistors in parallel and 
series-connected resistors, apply the formula: 
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КТ = 
Крі + Rp2 


where 


RpixR 
aes + Rsj + А52 +... 


Кт = total resistance (in Q) 

Rp = parallel resistance 1 (in Q) 
Rp2 = parallel resistance 2 (in Q) 
Rsi = series resistance 1 (in Q) 
Rs2 = series resistance 2 (in Q) 


Example: Calculating Total Resistance — 
Series/Parallel Circuit Containing Two Series- 
Connected and Two Parallel-Connected Resistors 


What is the total resistance in a circuit containing 
a 20 О and 30 Q resistor connected in parallel and 
a 60 Q and 48 Q resistor connected in series? 


-Rp1 x Rp2 
m|— —— Lt Rs1 + А52 
PS 
Rr = |20220). 60 + 48 
20 + 30 
600 
= 50 + 108 
КТ = 12 + 108 
Кт = 120 OQ 
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TECH Power in an AC circuit is rarely equal to the 
TIP measured voltage times the measured current 
because there is normally some phase shift be- 

tween the circuits voltage and current. 


To find the total resistance in a series/parallel cir- 
cuit that contains multiple series/parallel combina- 
tions, the circuit must be broken down to the basic 
series and parallel parts. After the circuit is broken 
down, the rules of series circuits can be applied to 
the series part(s) and the rules of parallel circuits 
can be applied to the parallel part(s). See Figure 14-5. 


To break down a series/parallel circuit into basic 
series and parallel parts, apply the procedure: 


1. Combine the two or more resistance values into a 
single resistance value if there are two or more 
resistors (loads) connected in series. This is done 
by combining the formula for resistors in series. 

Кт = Ri + Кә + Ra +... 


2. Combine the two or more resistors (loads) con- 
nected in parallel into a single resistance value. 
This is done by applying the formula for resis- 
tors in parallel. Combine each circuit into a sin- 
gle resistance value if there is more than one 
parallel circuit. For two resistors connected in 
parallel, apply the formula: 


Ку x R5 
b= Se 
R1 + R3 


For three or more resistors connected in parallel, 
apply the formula: 


3. Combine the sum of the series resistance val- 
ues with the sum of each parallel circuit re- 
sistance value. In larger circuits, this combination 
process may have to be applied several times 
until all sections of the circuit have been 
combined. 


Example: Calculating Resistance – 
Series/Parallel Circuit Containing Multiple 
Series/Parallel Combinations 


What is the total resistance of a 55 Q, 10 Q, 200 О, 
20 О, 20 О, and 40 О resistor connected in a se- 
ries/parallel combination? 


1. Combine the two resistors connected in series 
into a single resistance value. 


Rsr = Ri + R2 
Rsrı = 55 + 10 
Rom = (05) & 


2. Combine the two or more resistors connected in 
parallel into a single resistance value. 


R Е Ка х Rs 
PT1 = RaR 
R Н 20х20 
PIU ЖОБО ОГ) 
400 
RpTi = E 
Rp ed © 


3. Combine resistors connected in series into a sin- 
gle resistance. 
Rsr2 = Rpri + R6 
Rsr2 = 10 + 40 
Rsr2 = 50 Q 


4. Combine the two or more resistors connected in 
parallel into a single resistance value. 


(mp Rsr2 х Кз 
Кѕт 2 + Кз 
eee 50 x 200 
50+ 200 
10,000 
Ren coc 
Ёрт2 = 40 О 


5. Combine resistors connected in series into a sin- 
gle resistance value. 


Кт = Rsri + RPr2 
Ет = 65 4 40 
Rp e MES 19) 


w^ 


Current in Series/Parallel Circuits 


No material is a perfect conductor or insula- 
tor. Resistance is a part of every circuit and | 
must be considered when designing and trou- | 
bleshooting circuits. | 


The total current and current in individual parts of a 
series/parallel circuit follow the same laws of current in 
a basic series and a basic parallel circuit. Current is the 
same in each series part of the series/parallel circuit. 
Current is equal to the sum of each parallel combina- 
tion in each parallel part of the series/parallel circuit. 
See Figure 14-6. 
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CALCULATING RESISTANCE = MULTIPLE SERIES/PARALLEL COMBINATIONS 
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14) COMBINE RESISTANCES CONNECTED IN PARALLEL 
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Example: Calculating Current in Series/Paral- 
lel Circuits 


What is the current flowing through two 6 Q re- 
sistors connected across a 12 V power supply? 


@comaine RESISTANCES CONNECTED IN SERIES 
Вен 2650 / Fr 1050 


The current flowing through two 6 Q resistors con- 
nected in series across a 12 V power supply is 1 A 
at any point in the series circuit. The total current 
flowing through two parallel-connected branches 
that each have 1 A flowing through them is 2 A. 
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To calculate total resistance of two 6 О resistors 
connected in series, apply the formula for resistors 
in series. 


Rr = Ri + Рә 
Rr=6+6 
Rr ка 1200 


To calculate current flowing through the 12 Q se- 
ries circuit, apply Ohm's law. 


Е 
де; 

12 
deo 
I-1A 


To calculate total current in the parallel circuit, 
apply the formula for current in a parallel circuit. 

Іт= П + 2 

[к єз | I 

б! тә DA 
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Voltage in Series/Parallel Circuits 


The total voltage applied across resistors (loads) 
connected in a series/parallel combination is di- 
vided across the individual resistors. The higher 
the resistance of any one resistor or equivalent par- 
allel resistance, the higher the voltage drop. See 
Figure 14-7. 
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Example: Calculating Voltage in Series/Parallel 
Circuits 

What is the voltage drop across each resistor if 
two 120 Q resistors are connected in parallel with a 
20 Q, and 40 Q resistor connected in series that are 
all connected to a 12 V supply? 

To calculate the voltage across each resistor in a 
series/parallel circuit, the total circuit resistance and 
total circuit current are calculated first. The total circuit 
resistance is found by applying the steps used to de- 
termine total resistance in a series/parallel circuit. 

For example, the total resistance of two 120 Q re- 
sistors connected in parallel with a 20 О and a 40 Q 
resistor connected in series is 120 О. To calculate 
total resistance, apply the formula for resistance in 
a series/parallel circuit. 


ie x Rp2 


+ А5] + R +... 
ere $1 $2 


(120x120 
711204120 


J meo 


240 


Кт = 60 + 60 
Ja = 20 O 


JRP = EN 4 60 


The total circuit current is found by applying 
Ohm's law when the total circuit voltage and total 
circuit resistance is known. 


ET 
[Kp = RT 
12 
i = 


Ir = .1 A (100 mA) 

The voltage drop across each resistor can be calcu- 
lated once the circuit current is found. To calculate the 
voltage drop across Ri, apply Ohm’s law. 


I c SJ 
j&g e хо) 
Ei=2 y 


To calculate the voltage drop across R2, apply 
Ohm’s law. 


109) к= Jb» $4 4&9 
Л E Jt хао 
Бо = 4 У. 


To calculate the voltage drop across R3-4, apply 
Ohm's law. The equivalent resistance of two 120 Q 
resistors in parallel is 60 О. 

Ез-4 = 13-4 X R3-4 

E3-4 = .1 x 60 

ESEG у 

The voltage across the 20 Q resistor equals 2 V. 
The voltage across the 40 Q resistor equals 4 V. The 
voltage across the 60 Q (equivalent resistance of two 
120 Q resistors in parallel) resistor equals 6 V. 


Power in Series/Parallel Circuits 


Power is produced when current flows through any 
load or component that has resistance. The higher 
the resistance or amount of current, the more power 
produced. The lower the resistance or amount of cur- 
rent, the less power produced. The amount of power 
produced is measured in watts. See Figure 14-8. 


The total power in a series/parallel circuit is equal 
to the sum of the power produced by each load or 
component. To calculate total power of a series/par- 
allel circuit when the power across each load is 
known or measured, apply the formula: 

Р РІЗ +... 

where 

Рт = total circuit power (in W) 

Рі = power of load 1 (in №) 

P2 = power of load 2 (in W) 

Рз = power of load 3 (in W) 
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Example: Calculating Total Power- 
Series/Parallel Circuits 


What is the total power in a circuit containing a 
load which produces 25 W connected in series and 
three loads which produce 100 W each connected in 
parallel? 

py el ar P an a 

Рт = 25 + 100 + 100 + 100 

Pr = 325 W 

A heating circuit controlled by a rheostat is an 
example of a series/parallel circuit. The heating ele- 
ments are connected in parallel and the rheostat is 
connected in series with the heating elements. The 
rheostat is used to control the heat output of the cir- 
cuit. A voltage is dropped across the rheostat because 
the rheostat has resistance and thus the rheostat dis- 
sipates some power. 


Series/Parallel Circuit Application 


The laws of series/parallel circuits are used in 
many practical applications. For example, a basic 
series/parallel circuit is used in any circuit that in- 
cludes a lamp to indicate when a load is ON. In 
this circuit, a resistor is connected in series with 
a lamp, and the load is connected in parallel with 
the resistor/lamp combination. The load may be 
any device such as a heating element, motor, or 
solenoid. See Figure 14-9. 


è 
Never place only one conductor (hot wire or . 
neutral wire) in a metal pipe (conduit) because | 
the magnetic field produced by the conductor 
j} produces heat in the pipe. 
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IRON APPLICATION 
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A resistor is connected in series with an indicator 
lamp so that a lamp that is rated at a low voltage 
may be used. Using a lamp rated at a low voltage 
greatly increases the life of the lamp. A resistance 
value many times the resistance value of the lamp is 
used so that most of the applied voltage is dropped 
across the resistor. 


Example: Calculating Heater Current 
What is the current through a 20 Q heater con- 
nected to a 120 V power supply? 


To calculate the current through the heater, apply 
Ohm's law. 


-E 
“R 
120 
ч 
126A 


Example: Calculating Total Resistance of 
Resistor/Lamp Circuit 

What is the total resistance of a circuit containing 
a 200 Q indicator lamp connected in series with a 
3400 Q resistor? 


To calculate the total resistance of the resis- 
tor/lamp series circuit, apply the formula for calcu- 
lating resistances connected in series. 

Rr = Кү + Кә + Кз +... 

Rr = 3400 + 200 

Rr = 3600 О 


Example: Calculating Total Current of 
Resistor/Lamp Circuit 

What is the current flowing through the resis- 
tor/lamp circuit? 


To calculate the current through the resistor/lamp 
circuit, apply Ohm’s law. 


E 
а 
a 120, 
3600 
= .033 A 


Example: Calculating Voltage Drop Across Lamp 


What is the voltage drop across a 200 Q indicator 
lamp connected in a circuit that has .033 A of cur- 
rent? 


To calculate the voltage drop across the lamp, ap- 
ply Ohm's law. 


E=IXR 
E = .033 x 200 
E = 6.6 V 


Example: Calculating Power of Heater 


What is the power in the heater circuit that con- 
tains 6 A of current and is connected to a 120 V 
source? 


To calculate the power of the heater, apply the 
power formula. 


PESSE 53 
JP = 120) S 
P-720W 


Example: Calculating Power of Lamp 


What is the power of the lamp when .033 A of 
current is flowing in the circuit and it is connected 
to a 120 V source? 


To calculate the power of the lamp, apply the 
power formula. 

Pope 

P= 120 x .033 

РЕ уу 


Capacitors in Series/Parallel Circuits 


Capacitors are normally connected in series or in parallel. 
However, it is possible to connect capacitors in series/par- 
allel combinations. See Figure 14-10. To calculate total 
capacitance of capacitors connected in a series/parallel 
combination, apply the procedure: 


1. Calculate capacitance of parallel capacitors. 
СОЕ CIO + ... 
2. Calculate capacitance of series capacitors. 
a Сх С» 
Ci © 


CAPACITORS IN SERIES/ 
PARALLEL CIRCUITS 
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o9 CALCULATE CAPACITANCE OF SERIES CAPACITORS 


Cpr = 120pF 7 = 24uF 
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Example: Calculating Total Capacitance — 
Series/Parallel Capacitors 


What is the total capacitance of two parallel-con- 
nected 60 uF capacitors connected in series with a 
30 uF capacitor? 


Total capacitance is found by first calculating 
the parallel branch and then calculating the series 
combination. 


1. Calculate capacitance of parallel capacitors. 
Cpr= C2 + C3 +... 


Cpr = 60 + 60 
Cpr = 120 uF 
2. Calculate capacitance of series capacitors. 

» CPX) 
X Срт+ Сі 
.. 120x 30 
Т = 120430 

3600 

Cre 150 

Cr = 24 uF 


Inductors in Series/Parallel Circuits 


Inductors are normally connected in series or in 
parallel. However, it is possible to connect inductors 
in series/parallel combinations. See Figure 14-11. 


To calculate the total inductance of inductors con- 
nected in series/parallel, apply the procedure: 


1. Calculate inductance of parallel inductors. 


JL» $& fb 
T= 
L2 + L3 


2. Calculate inductance of series inductors. 
r= ЕП du о 


Example: Calculating Total Inductance — 
Series/Parallel Circuits 


What is the total inductance of two parallel-con- 
nected 10 H inductors connected in series with a 20 
H inductor? 


To calculate the total inductance, first calculate 
the parallel branch and then calculate the series 
combination. 
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]. Calculate inductance of parallel inductors. 


D L2 x La 

L2 La 

_ 10х10 

FT 7 10410 
Lpr = +> 
БЕР e S Jal 


2. Calculate inductance of series inductors. 
ЙЕ = JL че ТЗ bee 
Ep 20 +5 
Lr=e@s 10 
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Batteries and Solarcells in Series/Parallel 
Circuits 


Voltage potential is increased when batteries and so- 
larcells are connected in series. Current capacity is 
increased when batteries and solarcells are connected 
in parallel. Voltage potential and current capacity are 
increased when batteries and solarcells are connected 
in series/parallel combinations. See Figure 14-12. 
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SOLARCELLS CONNECTED IN 
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Series/parallel-connected batteries are generally 
used in large applications such as toys, automobiles, 
mobile equipment, small trains (used in mines), and 
small submarines. Batteries are connected in series 
to increase the voltage to a high level (24 V, 36 V, 
90 V, etc.). Batteries are connected in parallel to in- 
crease the current. 


Series/parallel-connected solarcells are used in 
small applications (powering calculators) and in large 
applications (powering satellites). Any number of so- 
larcells can be connected in a series/parallel combi- 
nation. Many solarcells must be connected in parallel 
to produce a small amount of current because solar- 
cells produce very little current. 


ES 


um 


Magnetism 


Magnetism is a force that interacts with other mag- 
nets and ferromagnetic materials. Ferromagnetic ma- 
terials are materials, such as soft iron, that are easily 
magnetized. Magnetism is used to produce most of 
the electricity consumed, develop rotary motion in 
motors, and develop linear motion in solenoids. 


A magnet is a device that attracts iron and steel 
because of the molecular alignment of its material. 
All magnets or magnetized material have a north (N) 
and south (S) pole. The basic law of magnetism states 
that unlike magnetic poles (N and S) attract each 
other and like magnetic poles (N and N or S and S) 
repel each other. The force of attraction between two 
magnets increases as the distance between the mag- 
nets decreases. Likewise, the force of attraction be- 
tween two magnets decreases as the distance between 
the magnets increases. See Figure 15-1. 


Magnetic flux is the invisible lines of force that 
make up the magnetic field. The more dense the flux, 
the stronger the magnetic force. Flux is most dense 
at the ends of a magnet. For this reason, the magnetic 
force is strongest at the ends of a magnet. The lines 
of flux leave the north pole and enter the south pole 
of a magnet or magnetic field. 


Magnets may be permanent or temporary. Perma- 
nent magnets are magnets that hold their magnetism 
for a long period of time. Temporary magnets are 
magnets that lose their magnetism as soon as the 
magnetizing force is removed. The most common 
permanent magnets are bar magnets and horseshoe 
magnets. Permanent magnets are used in electrical 
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applications, such as in permanent magnet DC motors 
and reed switches. Temporary magnets are used in 
most electrical applications, such as motors, trans- 
formers, and solenoids. 
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Electromagnetism 


A magnetic field is produced any time electricity 
passes through a conductor (wire). Electromagnetism 
is the magnetic field produced when electricity passes 
through a conductor. Electromagnetism is a tempo- 
rary magnetic force because the magnetic field is pre- 
sent only as long as current flows. The magnetic field 
is reduced to zero when the current flow stops. 


The magnetic field around a straight conductor is 
not strong and is of little practical use. The strength 
of the magnetic field is increased by wrapping the con- 
ductor into a coil, increasing the amount of current 
flowing through the conductor, or wrapping the con- 
ductor around an iron core. A strong, concentrated mag- 
netic field is developed when a conductor is wrapped 
into a coil. The strength of a magnetic field is directly 
proportional to the number of turns in the coil and the 
amount of current flowing through the conductor. An 
iron core increases the strength of the magnetic field 
by concentrating the field. See Figure 15-2. 


Direct current applied to a conductor starts at zero 
and goes to its maximum value almost instantly. The 
magnetic field around the conductor also starts at 
zero and goes to its maximum strength almost in- 
stantly. The current and strength of the magnetic field 
remain at their maximum value as long as the load 
resistance does not change. The current and the 
strength of the magnetic field increase if the resis- 
tance of the circuit decreases. The current and the 
magnetic field drop to zero when the direct current 
is removed. 


Alternating current applied to a conductor causes 
the current to continuously vary in magnitude and the 
magnetic field to continuously vary in strength. Current 
flow and magnetic field strength are at their maximum 
value at the positive and negative peak of the AC sine 
wave. The current is zero and no magnetic field is pro- 
duced at the zero points of the AC sine wave. The di- 
rection of current flow and polarity of the magnetic 
field change every time the current passes the zero point 
of the AC sine wave. On standard 60 Hz (cycle) power 
frequencies, the current passes the zero point 120 times 
per second. See Figure 15-3. 


Ba magnets should be stored in parallel with 
TIP each other so their unlike poles touch. Horse- 
shoe magnets should be stored with a soft iron 
bar placed across the pole ends. 
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Solenoids 


Electromagnetism is used in solenoids. A solenoid is 
a device that converts electrical energy into a linear, 
mechanical force. Solenoids produce a linear, me- 
chanical force when electricity is applied to the coil. 
The coil produces an electromagnetic force when cur- 
rent passes through the coil windings. 


Ferromagnetic materials are materials that can — 
easily be magnetized. Paramagnetic materials |. 
are materials that are not easily magnetized. 
Diamagnetic materials are materials that can- | 
not be magnetized under normal conditions. 
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The coil windings are wound around an iron frame 
to increase the magnetic force produced by the coil. 
An iron core placed near the energized coil causes 
the magnetic force to draw the iron core into the 
coil. The magnetic field is not produced when power 
is removed from the coil. The iron core is removed 
from the coil by a spring. See Figure 15-4. 


The amount of linear force a solenoid develops de- 
pends on the number of turns of wire in the coil and 
the amount of applied current. The more coil turns a 
solenoid has, the greater the linear force. However, as 
the number of coil turns is increased, the overall size 
of the solenoid increases. The higher the current flow 
through the coil, the greater the linear force. The 
amount of current drawn by the solenoid depends 
on the applied voltage. For any given size solenoid, 
the higher the applied voltage, the higher the current. 
However, if the applied voltage is increased beyond 
the voltage rating of the solenoid, the high current 
causes the solenoid to overheat and burn out. 
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Solenoids develop linear force in applications that 
use short strokes at low force. Solenoids are used in 
many electrical applications. Common solenoid ap- 
plications include: 


e Residential – Control the flow of water or gas in 
washing machines, dishwashers, dryers, furnaces, 
and automatic sprinkling systems. 


Automobiles — Control locks (doors, trunk, gas tank 
cover), gas and water flow, antipollution valves, 
and vacuum valves. 


Boats and Airplanes — Control fuel, coolant, and 
water flow. Also used for electric control of doors, 
hatches, missiles, and other devices. 


e Commercial and Industrial – Control door locks, 
open and close valves dispensing product, control 
movement of parts, stamp information on products, 
clamp parts, and dispense coins. Also used to op- 
.erate motor starters, contactors, clutches, brakes, 
and control fluid power valves. 
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Transformer Operation 


A transformer is an electric device that uses elec- 
tromagnetism to change voltage from one level to 
another or to isolate one voltage from another. 
Transformers are primarily used to step up or step 
down voltage. 

Transformers operate on the electromagnetic mu- 
tual induction principle. Mutual inductance is the ef- 
fect of one coil inducing a voltage into another coil. 
See Figure 15-5. 
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The principle of electromagnetic mutual induction 
states that when the magnetic flux lines from one 
expanding and contracting magnetic field cut the 
windings of a second coil, a voltage is induced in 
the second coil. The amount of voltage induced in 


г 


the second coil depends on the relative position of 
the two coils and the number of turns in each coil. 
The induced voltage in the second coil depends on 
the relative position of the two coils if the number 
of turns in each coil are equal. The highest mutual 
inductance occurs when all the magnetic flux lines 
from each coil cut through all the turns of wire in 
the opposite coil. Likewise, no mutual inductance oc- 
curs when no magnetic flux lines from one coil cut 
through any of the turns of wire in the other coil. 


Transformers consist of two or more coils of in- 
sulated wire wound on a laminated steel core. The 
steel core is magnetized when a voltage is applied 
to one coil. The magnetized steel core induces a volt- 
age into the secondary coil. The primary coil (input 
side) of a transformer is the coil to which the voltage 
is connected. The secondary coil (output side) of a 
transformer is the coil in which the voltage is in- 
duced. The laminated steel core is used so that the 
magnetic induction between the two coils is as high 
as possible. See Figure 15-6. 
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The amount of change in voltage between the pri- 
mary coil and secondary coil depends on the turns ratio 
(voltage ratio) of the two coils. A step-up transformer 
is a transformer in which the secondary coil has more 
turns of wire than the primary coil. А step-up trans- 
former produces a higher voltage on the secondary coil 
than the voltage applied to the primary. A step-down 
transformer is a transformer in which the secondary 
coil has fewer turns of wire than the primary coil. A 
step-down transformer produces a lower voltage on the 
secondary coil than the voltage applied to the primary. 
To calculate the relationship between the number of 
turns and the voltage, apply the formula: 


Np _ Ep 
Ns Es 
where 


Np = number of turns in primary coil 


Ns = number of turns in secondary coil 
Ep = voltage applied to primary coil (in V) 
Es = voltage induced in secondary coil (in V) 


This formula may be rearranged to calculate any 
one value when the other three are known. 


Example: Calculating Secondary Induced Voltage 


What is the secondary induced voltage of a trans- 
former that has a secondary coil containing 100 turns, 
a primary coil containing 500 turns, and 25 V applied 
to the primary coil? 


Ns 
Е 

100 
Es = 25 X 500 
Eg aS M 


This transformer is a step-down transformer be- 
cause the voltage is reduced from 25 V to 5 V. The 
same formula applies to a step-up transformer. For 
example, 25 V applied to a transformer primary 
coil containing 500 turns induces 100 V in the 
transformer secondary coil containing 2000 turns 
(25 x 200% 99 = 100). 


In the process of changing voltage from one level 
to another, transformers also change the current to a 
lower or higher level. The ratio of primary current 
to secondary current is inversely proportional to the 
voltage ratio. For example, if the voltage ratio is 
10:1, the current ratio is 1: 10. To calculate the 
current and voltage relationship, apply the formula: 


218 ELECTRICAL PRINCIPLES AND PRACTICES 


Ір Es 
15 Ер 
where 


Ip = current in primary coil (in A) 

Is = current in secondary coil (in А) 

Es = voltage induced in secondary coil (in V) 
Ep = voltage applied to primary coil (in V) 


This formula may be rearranged to calculate any 
one value when the other three are known. 


Example: Calculating Transformer Primary 
Current 


What is the current in the primary winding of a 
transformer when the primary voltage is 240 V, the 
secondary voltage is 120 V, and a 10 A load is con- 
nected to the secondary? 


Es 
Jui ue 

120 
Ір = 10 х 530 
Ір = 5 А 


The current potential of a transformer is stepped 
down any time a transformer steps up the voltage. 
Likewise, the current potential is stepped up any time 
a transformer steps down the voltage. 


Transformer Ratings 


Transformers are designed to transform power at one 
voltage level to power at another voltage level. In 
an ideal transformer, there is no loss or gain. Energy 
is simply transferred from the primary circuit to the 
secondary circuit. For example, if the secondary of 
a transformer requires 500 W of power to operate 
the loads connected to it, the primary must deliver 
500 W. 


It is standard practice with transformers to use 
voltage and current ratings and not wattage ratings. 
It is also standard practice to rate a transformer for 
its output capabilities because it is the output of the 
transformer to which the loads are connected. Thus, 
transformers are rated by their volt-ampere (VA), or 
kilovolt-ampere (kVA) output. Small transformers are 
rated in either VA or kVA. Large transformers are 
rated in kVA. For example, a 50 VA transformer may 
be rated as a 50 VA or .05 kVA transformer. A 5000 VA 
transformer is rated as a 5 kVA transformer. 


In an ideal transformer, energy is transferred from 
the primary circuit to the secondary circuit and there 
is no power loss. However, all transformers have 
some power loss. Even though most transformers op- 
erate with little power loss (normally .5% to 8%), 
there is always a power loss in a transformer. The 
less the power loss, the more efficient the trans- 
former. The efficiency of a transformer is expressed 
as a percentage. To calculate the efficiency of a trans- 
former, apply the formula: 


Eff = 55 х 100 


where 

Eff = efficiency (in %) 

Ps = power of secondary circuit (in W) 
Pp = power of primary circuit (in W) 


Example: Calculating Transformer Efficiency 


What is the efficiency of a transformer that uses 
1200 W of primary power to deliver 1110 W of sec- 
ondary power? 


Eff = pp X 100 
1110 

Eff = 7399 Х 100 

Eff = .925 x 100 

Eff = 92.5% 


Power loss in a transformer is caused by hysteresis 
loss, eddy-current loss, and copper loss. The total 
amount of power loss is a combination of the three. 


Transformers are used on AC circuits. In all AC 
circuits, the voltage (and magnetic field) are con- 
stantly changing. Hysteresis loss is loss caused by 
magnetism that remains (lags) in a material after the 
magnetizing force has been removed. Hysteresis loss 
occurs every half-cycle of AC when the current re- 
verses direction and some magnetism remains in the 
iron core. 


Eddy-current loss is loss caused by the induced 
currents that are produced in metal parts that are be- 
ing magnetized. In a transformer, eddy-current loss 
occurs in the iron core because the iron core is mag- 
netized. The induced currents in the iron core cause 
heat in the iron core, primary windings, and secon- 
dary windings. Eddy currents are reduced by using 
a laminated steel core. 


Copper is a good conductor of electricity. How- 
ever, copper has some resistance. Copper loss is loss 
caused by the resistance of the copper wire to the 
flow of current. The higher the resistance, the greater 
the loss. 


Hysteresis loss, eddy-current loss, and copper loss 
all produce losses in the transformer due to the 
heat they develop in the metal parts. These losses 
may be reduced by proper design and installation. 
Hysteresis loss is reduced by using a silicon-steel 
core instead of an iron core. Eddy-current loss is 
reduced by using a laminated core instead of a solid 
core. Copper loss is reduced by using as large a 
conductor as possible. 
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Transformers 


All transformers are used to either step up, step down, 
or isolate voltage. However, when transformers are 
used for specific applications, they are normally re- 
ferred to by the application name, such as a distribution 
transformer, control transformer, etc. The basic types 
of transformers include appliance/equipment, control, 
bell/chime, instrument (current), distribution, isolation, 
neon sign, and power transformers. See Figure 15-7. 
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Appliance/equipment transformers are transform- 
ers specifically designed for the appliance or piece 
of equipment in which they are used. Electrical and 
electronic devices, such as TVs, garage door openers, 
stereos, and computers require different voltage lev- 
els to operate their different circuits. The transformer 
normally has many secondary voltage output levels 
that can be used to operate several different circuits. 
Appliance/equipment transformers are rated from 2 
VA (or less) to several thousand VA and deliver sec- 
ondary voltages from 5 V (or less) to several thousand 
volts. 


Control transformers are step-down transformers 
that are used to lower the voltage to the control cir- 
cuit in which the control switches, contactors, and 
motor starters are connected. Industrial motors and 
heating elements normally operate on 460/480 V. 
However, the control circuits used to control the 
460/480 V loads normally operate on 115/120 V. Con- 
trol transformers are normally rated from 25 VA 
(.025 kVA) to 2000 VA (2 kVA) and deliver a sec- 
ondary voltage of 115/120 V. Control transformers 
are mounted inside control cabinets and motor con- 
trol centers. 


Bells, chimes, buzzers, fire systems, and security 
systems normally operate at voltage levels from 8 V 
to 24 V. Bell/chime transformers are specifically de- 
signed to step down 115/120 V to 8 V, 12 V, 16 V, 
or 24 V. Bell/chime transformers are normally rated 
from 20 VA to 1000 VA (1 kVA). The size (VA 
rating) of the transformer is based on the number 
and power rating of the loads. The larger the number 
of loads, the higher the required power rating. Like- 
wise, the higher the power rating of the loads connected 

_to the transformer, the higher the required power rating. 


Instrument transformers are transformers spe- 
cifically designed to step down the voltage or cur- 
rent of a circuit to a lower value that can safely 
be used to measure the voltage, current, or power 
in the circuit with a meter (instrument). Instrument 
transformers are rated according to their primary 
to secondary ratio, such as 10: 1, 50:1, 400: 5, 
etc. For example, a current transformer that has a 
10:1 ratio delivers 1 A output on the secondary 
for every 10 A flowing through the primary. There 
is 2.5 A flowing through the secondary if there is 25 
A flowing through the primary. The ammeter (instru- 
ment) that is measuring the circuit current (25 A) is 
connected to the secondary so that only 2.5 A is 
flowing into the meter. The meter is calibrated to 
display 25 A whenever there is a 2.5 A input. In- 


struments and meters may use an external instrument 
transformer or include an instrument transformer as 
an integral part of the meter. 


Distribution transformers are step-down trans- 
formers that reduce high transmitted voltage down 
to usable residential, commercial, and industrial volt- 
age levels. Although power is efficiently transmitted 
at high voltages, high voltage is not safe for use in 
practical applications. Distribution transformers are 
normally rated from 1.5 kVA to 500 kVA and deliver 
a secondary voltage of 115 V, 120 V, 208 V, 230 V, 
240 V, 460 V, or 480 V. 


Isolation transformers are transformers that are de- 
signed to isolate the load from the power source. Iso- 
lation transformers have a 1:1 turns (and voltage) 
ratio. Therefore, the primary voltage is equal to the 
secondary voltage. The transformer provides isola- 
tion between the two sections of the circuit even 
though the primary and secondary are operating at 
the same voltage. 


Neon sign transformers are step-up transformers 
designed to step up the secondary voltage to several 
thousand volts when connected to a primary voltage 
of 115/230 V. Neon sign transformers are rated ac- 
cording to their secondary voltage. Secondary volt- 
ages normally range from 2000 V to 15,000 V. 
Although the secondary voltage is high, the current 
rating is relatively low. Current ratings normally 
range less than 250 mA. 


Power transformers are large transformers used by 
power companies in generating plants to step up volt- 
ages for power transmission and in substations to step 
down voltages. Generated voltage must be stepped 
up to a high level for efficient transmittal over long 
distances. The voltage is stepped up to a high level 
to step the current down to a low level. Low current 
levels require small wire sizes, reducing cost. Power 
transformers are normally rated over 500 kVA 
(500,000 VA) and used on power lines that operate 
on voltages over 67 kV (67,000 V). 


Distribution transformers are the same as power 
transformers but are smaller and serve a different pur- 
pose in the power distribution system. Small distri- 
bution transformers are mounted on poles or the 
ground. Large distribution transformers are mounted 
on the ground. 


Transformer Overloading 


АП transformers have a power (VA or КУА) rating. 
The power rating of a transformer indicates the 
amount of power the transformer can safely deliver. 
However, like most electrical devices, this rating is 
not an absolute value. For example, a 100 VA rated 
transformer is not destroyed if required to deliver 
110 VA for a short period of time. 


The heat produced by the power destroys the trans- 
former. The heat destroys the transformer by breaking 
down the insulation, causing short circuits within the 
windings of the transformer. Thus, temperature is the 
limiting factor in transformer loading. The more 
power the transformer must deliver, the higher the 
temperature produced at the transformer. 


Transformers are used to deliver power to a.set 
number of loads. For example, a transformer is used 
to deliver power to a school. As loads in the school 
are switched ON and OFF, the power delivered by 
the transformer changes. At certain times (night), the 
power output required from the transformer may be 
low. At other times (during school hours), the power 
output required from the transformer may be high. 
Peak load 1s the maximum output required of a trans- 
former. See Figure 15-8. 
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A transformer is overloaded when it is required 
to deliver more power than its rating. A transformer 
is not damaged when overloaded for a short time 
period. This is because the heat storage capacity of 
a transformer ensures a relatively slow increase in 
internal transformer temperature. 
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Transformer manufacturers list the length of time 
a transformer may be safely overloaded at a given 
peak level. For example, a transformer that is over- 
loaded 3 times its rated current has a permissible 
overload time of about 6 minutes. See Figure 15-9. 
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Transformer Cooling Methods 


The methods used to dissipate heat in a transformer 
include self-air cooled, forced-air cooled, liquid-im- 
mersed/self-air cooled, and liquid-immersed/forced- 
air cooled. See Figure 15-10. 
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Self-air cooled transformers are transformers that 
dissipate heat through the air surrounding the trans- 
former. Heat produced in the windings and core is 
dissipated into the surrounding air by convection. 
Convection is heat transfer that occurs when currents 
circulate between warm and cool regions of a fluid 
(air). Convection heat transfer is increased by adding 
radiating fins to the transformer. 


Forced-air cooled transformers are transformers 
that use a fan to move air over the transformer. Using 
a fan to speed the convection process increases the 
power that the transformer can deliver by about 3096 
over the power that can be delivered without a fan. 
Multiple high-velocity fans are used in some appli- 
cations to increase the transformer power output by 
more than 30%. The fans may be designed to remain 
ON at all times or may be automatically turned ON 
when the transformer reaches a set temperature. 


Liquid-immersed/self-air cooled transformers are 
transformers that use refined oil or synthetic oil to 
help cool the transformer windings. The transformer 
coils and core are enclosed in a metal tank which is 
immersed in the oil. The oil is used to conduct heat 


from the windings and core to the outer surface of 
the transformer. The oil helps slow the heating proc- 
ess by increasing the heat storage capacity of the 
transformer. This is useful when the transformer is 
temporarily overloaded during peak usage times. 


Liquid-immersed/forced-air cooled transformers 
are transformers that use refined oil or synthetic oil 
and fans to cool the transformer. The oil conducts 
the heat to the outer surface of the transformer and 
the fans dissipate the heat to the surrounding air. 


Sizing Single-Phase Transformers 


A transformer is used any time power is delivered 
to a residential, commercial, industrial, construction, 
or other site. The size of the transformer is based on 
the amount of expected power required. This amount 
normally takes into consideration present and future 
needs, peak loading, ambient temperature, load types, 
and other factors that affect transformer operation 
and temperature. See Figure 15-11. To size a 16 trans- 
former, apply the procedure: 


SIZING SINGLE-PHASE TRANSFORMERS 


CHECK SUPPLY VOLTAGE TO 


PRIMARY SIDE OF TRANSFORMER oOo. 480 v= 


1Ф TRANSFORMER 


UTILITY 
VOLTAGE 


T | | 

| Device | Quantity | Volts | Amps | 

o 
1 58 
UE 8 


120 
240 


14 HP Motor 
1 HP Motor 


CHECK FREQUENCY 
RATING OF LOADS 
ON DEVICE NAMEPLATE 


Үү (2 jJ D ыш 


[e 2400 М 


VOLTAGE 


x1 хз х1 X3 X1 


х2 х2 х2 
| | 0 Vole 120 v- 
120 V 240 V 240 V 
TRANSFORMER SECONDARY 


LAMPS - 120 V 


14 HP MOTOR - 120 V 
1 HP MOTOR - 240 V 
SECONDARY VOLTAGE - 120/240 V 


DETERMINE TOTAL VOLTAGE 
RATING OF LOADS 


LAMPS=10 A 


14 HP MOTOR = 5.8 А 
1HPMOTOR- 8 A 


DETERMINE AMPERAGE OR 


-TOTAL -238A kVA RATING OF LOADS 


1. Determine the total voltage required by the loads 
if more than one load is connected. The secon- 
dary side of the transformer must have a rating 
equal to the voltage of the loads. 


2. Determine the amperage rating or kVA capacity 
required by the load(s). Add all loads that are 
(or may be) ON concurrently. 


3. Check load(s) frequency on the nameplate. The 
frequency of the supply voltage and the electri- 
cal load(s) must be the same. 


4. Check the supply voltage to the primary side of 
the transformer. The primary side of a trans- 
former must have a rating equal to the supply 
voltage. Consider each voltage if there is more 
than one source voltage available. Use a trans- 
former that has primary taps if there is a vari- 
ation in the supply voltage. The transformer 
must have a КУА capacity of at least 10% greater 
than that required by the loads. 

A single-phase full-load currents conversion table 
may be used to determine propér kVA capacity when 
the load rating is given in amperes. See Figure 15-12. 
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To calculate kVA capacity of a 16 transformer when 
voltage and current are known, apply the formula: 
1 


E X 1000 


kVAcAP 


il 


where 
КУАСАР = transformer capacity (in КУА) 
E = voltage (in V) 
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І = current (in А) 

1000 = constant 

Example: Calculating 1ф Transformer Capacity 
What is the kVA capacity of a 16 transformer 


used in a 240 V circuit that has loads of 5 A, 3 A, 
and 8 A connected to the secondary? 


1 
СУА e lo <= 1000 
оло LO 
CAP = 1000 
3840 
КУАСАР = T000 
КУАСАР = 3.84 КУА 


А 5 КУА transformer is selected for the application 
because it is the next size available with a capacity of 
at least 10% greater than that required by the loads. 


Sizing Three-Phase Transformers 


The size of a 3¢ transformer is based on the amount 
of expected power required in the circuit. See Figure 
15-13. To size a 3 transformer, apply the procedure: 


1. Determine the total voltage required by the loads 
if more than one load is connected. The secon- 
dary side of the transformer must have a rating 
equal to the voltage of the loads. 


2. Determine the amperage rating or kVA capacity 
required by the load(s). Add all loads that are 
(or may be) ON concurrently. 


3. Check the frequency of the load(s) on the name- 
plate. The frequency of the supply voltage and 
the electrical load(s) must be the same. 


4. Determine the type of 3 voltage available. This 
includes three-wire no ground or three-wire with 
ground (four-wire). 


5. Check the supply voltage to the primary side of 
the transformer. 


The primary side of a transformer must have a 
rating equal to the supply voltage. Consider each 
voltage when there is more than one source of voltage 
available. Use a transformer that has primary taps 
when there is a variation in the supply voltage. The 
transformer must have a КУА capacity of at least 10% 
greater than that required by the loads. 


A three-phase full-load current conversion table 
is used to determine the kVA capacity of 36 circuits 


when the load rating is given in amperes. See Figure 
15-14. 
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A 
UTILITY 
SUPPLY 4 2400V в 
VOLTAGE | 
CHECK SUPPLY 
VOLTAGE OF PRIMARY 
SIDE OF TRANSFORMER o- 


TRANSFORMERS MUST HAVE 
A kVA CAPACITY AT LEAST 
10% GREATER THAN LOAD 

REQUIREMENTS 


DETERMINE TYPE OF 30 
VOLTAGE AVAILABLE 


LAMPS = 120 V 

15 HP, 10 MOTORS = 120 V 

10 HP, 30 MOTORS = 240 V 
SECONDARY VOLTAGE - 120/240 V 


DETERMINE TOTAL 
VOLTAGE RATING 
OF LOADS 


LAMPS- 50 A 
ТНР, 19 MOTORS = 19.6 А 
10 НР, 39 MOTORS = 420 А 

ЗА а t ду DETERMINE AMPERAGE 
TOTAL - 489.6 & OR kVA RATING 
OF LOADS 


] 
— e. =й 


| Device | Quantity | Volts | Amps | 
50 
15 240 28 


CHECK FREQUENCY 
RATING OF LOADS ON 
DEVICE NAMEPLATE 


[eec c eS SS 


1 HP, 10 Motors 
10 HP, Зо Motors 


To calculate the КУА capacity of a 36 transformer 
when voltage and current are known, apply the formula: 


1 
КУАСАР = Е х 1.732 х 1000 
where 
kVAcAP - transformer capacity (in kVA) 


E = voltage (in V) 

1.732 = constant (for 3ф power) 
I = current (in А) 

1000 = constant 


Example: Calculating 3ó Transformer kVA 
Capacity 


What is the kVA capacity of a 3ф transformer used 
in a 240 V circuit that has loads of 25 A, 30 A, and 
8 A connected to its secondary? 


I 
kVACAP = Ех [1732 xX 1000 
КУАСАР = 240 x 1.732 x ЕА 
1000 
26,188 
kVACAP = "1000 


kVAcAP = 26.188 КУА 

A 30 kVA transformer is selected for the applica- 
tion because it is the next size available with a ca- 
pacity of at least 1096 greater than that required by 
the loads. 


Determining Single-Phase Transformer 
Current Draw 


A transformer has a voltage ready to be used. How- 
ever, no current flows and no power is used if no 
load is connected to the transformer. Current flows 
and electrical power is consumed when loads are con- 
nected to the available voltage source. The amount 
of current flow depends on the power rating of the 
load. The higher the power rating, the larger the 
amount of current flow. Likewise, the lower the 
power rating, the smaller the amount of current flow. 
Knowing the amount of current flowing in a circuit 
is necessary because the conductor size is based on 
the amount of expected current flow. To calculate 
transformer current draw when kVA capacity and 
voltage are known, apply the formula: 
1000 


I = kVAcAP X CE 


where 

I = current draw (in A) 

kVAcAP = transformer capacity (in КУА) 

1000 = constant (to convert VA to КУА) 

E = voltage (in V) 

Example: Calculating 1ф Transformer Current 
Draw 

What is the current draw of a 10, 41 kVA, 120 V 
rated transformer when fully loaded? 


= kVAcAP X EDS 
E 
1000 
l= All x 120 
_ 41,000 
~ 120 


I = 341 А 
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Determining Three-Phase Transformer 
Current Draw 


The current draw of a 36 transformer is calculated 
similarly to the current draw of a 16 transformer. 
The only difference is the addition of the constant 
(1.732) for 36 power. To calculate current draw of a 
3 transformer when kVA capacity and voltage are 
known, apply the formula: 

1000 

ÉL я 

where 

I = current (in A) 

kVAcAP - transformer capacity (in kVA) 
1000 = constant 

E = voltage (in V) 

1.732 = (УЗ) 


Example: Calculating 3ф Transformer Current 
Draw 


What is the current draw of a 36, 30 КУА, 480 V 
rated transformer when fully loaded? 


1000 
тетт тте 
ЕАР 
480 x 1.732 
_ 30,000 
7783 
Г ЗСА 


Note: When 36 problems are calculated, the fol- 
lowing values* may be substituted to eliminate one 
mathematical step: 

For 208 V x 1.732, use 360 

For 230 V x 1.732, use 398 

For 240 V x 1.732, use 416 

For 440 V x 1.732, use 762 

For 460 V x 1.732, use 797 

For 480 V x 1.732, use 831 

“V3 = 1.732 
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Transformer Standard Ambient 
Temperature Compensation 


Temperature rise in a transformer is the temperature 
of the windings above the existing ambient tempera- 
ture. Transformer nameplates list their maximum 
temperature rise. Transformer normal ambient tem- 
perature is 40°C. 

A transformer must be derated if the ambient tem- 
perature exceeds 40°C. Transformer derating charts 
are used to derate transformers in high ambient tem- 
peratures. See Figure 15-15. To calculate the derated 
kVA capacity of a transformer operating at a higher- 
than-normal ambient temperature condition, apply 
the formula: 

kVA = rated kVA X maximum load 

where 

kVA = derated transformer capacity (in kVA) 

rated kVA = manufacturer transformer rating 

(in kVA) 
maximum load = maximum transformer loading 
(in %) 


Example: Calculating Standard Transformer 
Derating 

What is the derated kVA value of a 30 kVA rated 
transformer installed in an ambient temperature of 
506? 

КУА = rated КУА x maximum load 

VALUED» 

kVA = 27.6 КУА 


Transformer Special Ambient Temperature 
Compensation 


Standard ambient temperature is the average tempera- 
ture of the air that cools a transformer over a 24-hour 
period. Standard ambient temperature assumes that 


maximum temperature does not exceed 10°С above 
average ambient temperature. 

A transformer is derated above the standard values 
when the maximum temperature exceeds the average 
temperature by more than 10?C. A transformer is der- 
ated by 1\%% for each 1°C above 40°C when the 
maximum ambient temperature exceeds 10?C above 
the average temperature. See Figure 15-16. 
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For example, a 30 kVA rated transformer installed 
in an ambient temperature of 50°С (maximum tem- 
perature exceeds ambient temperature by 10?C) is 
derated to 25.5 КУА. The transformer is derated by 
116% for each degree above 40°C. A 50°C ambient 
temperature is 10?C above 40?C so the transformer 
is derated 15% (10°С x 116% = 15%). 

КУА = rated kVA x maximum load 

КУА = 30 x .85 (1596 derating) 

kVA = 25.5 КУА 


Single-Phase Residential Transformer 
Connections 


Electricity is used in residential applications (one- 
family, two-family, and multifamily dwellings) to 
provide energy for lighting, heating, cooling, cook- 
ing, running motors, etc. The electrical service to 
dwellings is normally 1$, 120/240 V. The low voltage 
(120 V) is used for general-purpose receptacles and 
general lighting. The high voltage (240 V) is used 
for heating, cooling, cooking, etc. 


Residential electrical service may be overhead or 
lateral. Overhead service is electrical service in 
which service-entrance conductors are run from the 
utility pole through the air and to the dwelling. Lat- 
eral service is electrical service in which service-en- 
trance conductors are run underground from the 
utility service to the dwelling. See Figure 15-17. 
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Three-Phase Transformer Connections 


Three 16 transformers may be connected to develop 
36 voltage. The three transformers may be con- 
nected in a wye or delta configuration. A wye con- 
figuration is a transformer connection that has one 
end of each transformer coil connected together. 
The remaining end of each coil is connected to the 
incoming power lines (primary side) or used to sup- 
ply power to the load(s) (secondary side). A delta 
configuration is a transformer connection that has 
each transformer coil connected end-to-end to form 
a closed loop. Each connecting point is connected 
to the incoming power lines or used to supply 
power to the load(s). The voltage output and type 
available for the load(s) is determined by whether 
the transformer is connected in a wye or delta con- 
figuration. See Figure 15-18. 
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TRANSFORMER CONFIGURATIONS 
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Three-Phase, Delta-to-Delta Connections 


Three transformers may be connected in a delta-to- 
delta connection. A delta-to-delta transformer con- 
nection is used to supply 39 voltage on the secondary. 
In a delta-to-delta connection, each transformer is 
connected end-to-end. See Figure 15-19. 

The advantage of a delta-to-delta connection is 
that if one transformer is disabled, the other two may 
be used in an open-delta connection for emergency 
power. The rating of the open-delta bank is 57.796 
of the original three transformer bank, but 3ф power 
is available until repairs are made. 

One of the delta transformers is center-tapped to sup- 
ply both 3ф voltage and 16 voltage. Single-phase volt- 
age at 120/240 V is available when the transformer is 
center-tapped. However, because only one transformer 
is tapped, the transformer that is tapped carries all of 
the 10, 120/240 V load and 4 of the 3, 240 V load. 


| ~~ TRANSFORMER 
^^ BANK 


240 V, 10, 120 V, 10, 
50 A MOTOR 10 A MOTOR 15 A MOTOR 


The other two transformers each carry lA of the 36, 
240 V load. For this reason, this connection should 
be used in applications that require a large amount 
of 3ф power and a small amount of 1 power. 


Three-Phase, Wye-to- Wye Connections 


Three transformers may be connected in a wye-to-wye 
connection. A wye-to-wye transformer connection is 
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used to supply both 16 and 36 voltage. In a wye-to-wye 
transformer connection, the ends of each transformer 
are connected together. See Figure 15-20. 

The advantage of a wye-connected secondary is 
that the 10 power draw may be divided equally over 
the three transformers. Each transformer carries 1 of 
the 1ф and 39 power if the loads are divided equally. 
А disadvantage of a wye-to-wye connection is that 
interference with telephone circuits may result. 
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Delta-to- Wye/Wye-to-Delta Connections 


Transformers may also be connected in a delta-to-wye 
or wye-to-delta connection. The connection used de- 
pends on the incoming supply voltage, the requirements 
of the loads, and the practice of the local power com- 
pany. А delta-to-wye transformer connection delivers 
the same voltage output as the wye-to-wye transformer 
connection. The difference is the primary is supplied 
from a delta system. A wye-to-delta transformer con- 
nection delivers the same voltage output as the delta- 
to-delta transformer connection. The difference is that 
the primary is supplied from a wye system. 


Transformer Load Balancing 


The loads connected to a transformer should be con- 
nected so that the transformer is as electrically bal- 
anced as possible. Electrical balance occurs when 
loads on a transformer are placed so that each coil 
of the transformer carries the same amount of current. 
See Figure 15-21. 


Transformer Tap Connections 


Transformer taps are connecting points that are pro- 
vided along the transformer coil. Taps are available 
on some transformers to correct for excessively high 
or low voltage conditions. The taps are located on 
the primary side of the transformer. Standard taps 
are provided for 296 and 5% of rated primary voltage. 
See Figure 15-22. 


For example, if a transformer has a 480 V primary 
rating and the available supply voltage is 504 V, the 
primary should be connected to the 5% above-normal 
tap. This ensures that the secondary voltage is correct 
even when the primary voltage is high. 
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TRANSFORMER TAPS 


DRY TYPE INDOOR 
MODEL#  T624A762 
SERIAL# 68А 
50 150?C RISE 
480 V LINE-TO-LINE 
208 V LINE-TO-LINE 
120 V LINE-TO-NEUTRAL 


H1, H2, НЗ = HIGH SIDE 
X1, X2, ХЗ = LOW SIDE 


Single-Phase Transformer Parallel 
Connections 


Additional power is required when the capacity of a 
transformer is insufficient for the power requirements 
of the load(s). Additional power may be obtained by 
changing the overloaded transformer to a larger size 
(higher КУА rating) or adding a second transformer 
in parallel with the overloaded transformer. The best 
and most efficient method is to replace the over- 
loaded transformer with a larger one. However, in 
some applications, it is easier to add a second trans- 
former in parallel. These include systems where extra 
power is needed only temporarily or a larger trans- 
former is not available. 

Single-phase transformers may be connected in 
parallel as long as certain conditions are met. These 
conditions include: 


e Primary and secondary voltage ratings are identical. 
e Frequencies are the same. 
e Tap settings are identical. 


e Impedance of either transformer is within +7% 
(93% to 107%) of the other. See Figure 15-23. 


The total power rating of two compatible, 16 trans- 
formers connected in parallel is equal to the sum of 
the individual power ratings. To calculate the total 
power rating of two 1$ transformers connected in 
parallel, apply the formula: 


60 Hz CLASS AA 


JUMPER 
CONNECTIONS 
EACH PHASE 


SINGLE-PHASE TRANSFORMER 
PARALLEL CONNECTIONS 


kVAT = kVA, + kVA2 

where 

kVAr = Total rating of transformer combination 
(in kVA) 

kVA; = Rating of transformer 1 (in kVA) 

kVA2 = Rating of transformer 2 (in kVA) 
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Example: Calculating Total Power Rating-Par- 
allel-Connected Transformers 

What is the total output rating of two compatible 
10, 5 kVA transformers connected in parallel? 

kVAT = КУА] + kVA2 

kVAT2 545 

КУАт = 10 КУА 


Three-Phase Transformer Parallel 
Connections 


Like 1ф transformers, 3$ transformers may also be 
connected in parallel. The conditions that must be 
met to connect 3 transformers in parallel include: 


e Primary and secondary voltage ratings are identical. 


e Frequencies are the same. 


e Tap settings are identical. 


e Impedance of either transformer is within +7% 
(93% to 107%) of the other. 


e Angular displacement of transformer banks is the 
same. For example, both banks must have a 0°, 
30°, or 180? angular displacement. Standard an- 
gular displacements are 0° for wye-to-wye or 
delta-to-delta connected banks and 30? for wye- 
to-delta or delta-to-wye connected banks. See 
Figure 15-24. 


Calculating the total power rating of two compat- 
ible, 3ф transformers connected in parallel is similar 
to calculating the power rating of two compatible 16$ 
transformers connected in parallel. The total power 
rating of two compatible 3$ transformers connected 
in parallel equals the sum of the individual power 
ratings (kVA). 


THREE-PHASE TRANSFORMER PARALLEL CONNECTIONS 


TRANSFORMER 
BANK 1 


TRANSFORMER 
BANK 2 


Electric Motors 


An electric motor is a rotating output device that 
converts electrical power into a rotating, mechanical 
force. Electric motors include. AC motors, DC motors, 
and AC/DC motors. Different motors are used for 
different applications. The motor used for a given 
application depends on factors such as the driven 
load, environmental conditions, and available power. 


Many factors must be considered when selecting, 
wiring, and maintaining electric motors. Satisfying 
the electrical needs of a motor requires installing the 
motor according to the manufacturer's wiring dia- 
gram. Additionally, motors shall be installed per Ar- 
ticle 430 of the National Electrical Code® (NEC®). 


Satisfying the mechanical needs of a motor re- 
quires that the motor selected meets the intended 
specifications of enclosures, bearings, frame size, and 
insulation. These specifications are normally estab- 
lished by the original equipment manufacturer but 
must be understood when selecting any replacement 
part(s). The electrician must read the manufacturer’s 
motor nameplate information to select the correct re- 
placement motor. 


Motors are used to perform work. The amount of 
work a motor performs depends on the type, speed, 
and size of the load to be driven. The driven load 
type is based on the application. Motors are used to 
drive fans and compressors, move devices and ma- 
terials, rotate parts and tools, and mix products. 


A motor is normally available that best fits the 
load requirements for any given application. Work is 
economically performed for a sustained period of time 


PRACTICES 


Wed 7 
GREEN e 


when the correct motor is used. However, work may 
be performed, but the motor may not operate eco- 
nomically or last as long as it was designed to, if 
the wrong motor is used for an application. 


Work 


Work (W) is applying a force over a distance. See 
Figure 16-1. Force (F) is any cause that changes the 
position, motion, direction, or shape of an object. 
Work is done when a force overcomes a resistance. 
Resistance (R) is any force that tends to hinder the 
movement of an object. No work is produced if an 
applied force does not cause motion. 


The amount of work produced is determined by 
multiplying the force that must be overcome by the 
distance through which it acts. Thus, work is meas- 
ured in pound-feet (lb-ft). To calculate the amount 
of work produced, apply the formula: 

W=FxD 

where 

W = work (in lb-ft) 

F = force (in Ib) 

D = distance (in ft) 


Example: Calculating Work 


How much work is required to carry a 15 Ib bag 
of groceries vertically from street level to the third 
floor of a building 25” above street level? 


WE ЕУ 9 
И = 15 x 25 
W = 375 lb-ft 
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the floor to the top of a 3’ high workbench? 
WEE XB 
W=68x3 
W= 204 Ib-ft 


W= WORK 
Р = FORGE 
D = DISTANCE 


TOP OF 
WORKBENCH 


ENGINE AND 
PALLET = 68 LB 


Resistance must be overcome to perform work. 
More work is required if the groceries are heavier, 
the distance longer, or a combination of the two. Less 
work is required if the groceries are lighter, the dis- 
tance shorter, or a combination of the two. For ex- 
ample, the amount of work required to carry a 20 Ib 
bag of groceries vertically from street level to the 
fourth floor of a building 36’ above street level is 
720 lb-ft (20 x 36 = 720). 


Torque 


Torque is the force that causes an object to rotate. 
Torque consists of a force acting on a distance. See 
Figure 16-2. Torque is measured in pound-feet (lb-ft). 
Torque may exist even though no movement occurs. 
For example, an engine head bolt may have 50 lb-ft 
of torque and yet no movement occurs. To calculate 
torque, apply the formula: 


Jl zx JU $E B 

where 

Т = torque (in lb-ft) 
PU = torce mb) 

r — radius (in ft) 


TORQUE 


120 Ib-ft 
TORQUE 


су m zi 


= 2' LEVER ARM —] 
bu 


DISTANCE FORCE MAY BEA 
PUSHING OR A 


PULLING FORCE 


T = TORQUE 
Е = FORCE 
г = RADIUS force pushing опа 2 lever arm? 

T m ХУГ 

T=60x2 

T = 120 Ib-ft 


Example: Calculating Torque 


What is the torque produced by a 50 Ib force push- 
ing on a 4’ lever arm? 


JP = 8m 
1 e Sis 
T = 200 Ib-ft 


Work is done if the amount of torque produced is 
large enough to cause movement. More torque is pro- 
duced if the force is larger, the lever arm longer, or 
a combination of the two. Less torque is produced 
if the force is smaller, the lever arm shorter, or a 
combination of the two. For example, the torque pro- 
duced by a 70 lb force pushing on a 4’ lever arm is 
280 lb-ft (70 x 4 = 280 lb-ft). 
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Motor Torque torque required to operate a load from initial startup 

to final shutdown is considered when determining the 
Motor torque is the force that produces or tends to type and size motor required for an application. А 
produce rotation in a motor. А motor must produce motor connected to a load produces locked rotor 
enough torque to start and keep the load moving for torque (LRT), pull-up torque (PUT), full-load torque 
the motor to operate the load connected to it. The (FLT), and breakdown torque (BDT). See Figure 16-3. 
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Locked Rotor Torque 


Many loads require a higher torque to start them mov- 
ing than to keep them moving. For this reason, a 
motor must produce a higher torque when starting 
the load. Locked rotor torque (LRT) is the torque a 
motor produces when the rotor is stationary and full 
power is applied to the motor. Locked rotor torque 
is also referred to as breakaway or starting torque. 
Starting torque is the torque required to start a motor. 
Starting torque is normally expressed as a percentage 
of full-load torque. 


TECH Motor starting and running torque is decreased || 
FACT by about 20% if an AC motor is connected іо а { 
voltage source that is 10% less than the nameplate | 

| voltage. | 


э eo —, 


Pull-Up Torque 


Pull-up torque (PUT) is the torque required to bring 
a load up to its rated speed. Pull-up torque is 
brief if a motor is properly sized for the load. 
In a motor that does not have sufficient pull-up 
torque, the locked rotor torque may start the load 
turning but the pull-up torque does not bring it 
up to rated speed. Pull-up torque is also referred 
to as accelerating torque. 


Full-Load Torque 


Full-load torque (FLT) is the torque required to pro- 
duce the rated power at full speed of the motor. The 
amount of torque a motor produces at rated power 
and full speed (full-load torque) is found by using a 
conversion chart. See Appendix. 

A straightedge is placed along the two known 
quantities and the unknown quantity is read on the 
third line when using a horsepower to torque con- 
version chart. To calculate motor FLT, apply the for- 
mula: 

T= FR 5252 

rpm 

where 

T = torque (in lb-ft) 

HP = horsepower 

5252 = constant (2000 =°5252) 

пх2 


rpm = revolutions per minute 


Example: Calculating Motor FLT 


What is the FLT of a 15 HP motor operating at 
1725 rpm? 


T= HPx 5252 
^ трт 
| 15x 5252 
Е 1725 


Т = 45.67 lb-ft 


A motor that is fully loaded produces full-load 
torque. A motor that is underloaded produces less 
than full-load torque. A motor that is overloaded must 
produce more than full-load torque to keep the load 
operating at the motor’s rated speed. For example, a 
15 HP motor operating at 1725 rpm develops 45.67 
lb-ft of torque at full speed. The 15 HP motor pro- 
duces an output of 15 HP if the load requires 45.67 
lb-ft of torque at 1725 rpm. However, the 15 HP mo- 
tor produces an output of 7.5 HP if the load to which 
the motor is connected requires only half as much 
torque (22.83 lb-ft) at 1725 rpm. The 15 HP motor 
draws less current (and power) from the power lines 
and operates at a lower temperature when producing 
1.5 HP: 


However, the motor must produce an output of 30 
HP if the 15 HP motor is connected to a load that 
requires twice as much torque (91.34 lb-ft) at 
1725 rpm. The 15 HP motor draws more current 
(and power) from the power lines and operates at 
a higher temperature. The 15 HP motor automatically 
disconnects from the power lines before any perma- 
nent damage is done to the motor if the overload 
protection device is sized correctly. 


Breakdown Torque 


Breakdown torque (BDT) is the maximum torque a 
motor can produce without an abrupt reduction in 
motor speed. As the load on a motor shaft increases, 
the motor produces more torque. As the load contin- 
ues to increase, the point at which the motor stalls 
is reached. This point is the breakdown torque. 


t 


Motor Torque Classification 


АП motors produce torque but not all motors produce 
the same torque characteristics. Motors are classified 
by NEMA according to their electrical charac- 
teristics. Motor torque characteristics vary with the 
classification of the motor. Motors are classified as 
Class A through Class F. Classes B, C, and D are 
most common. 


Class B motors are the most widely used motors. 
Class B motors increase the starting torque of the 
motor 15046 higher than the motor's full-load torque. 
As a Class B motor accelerates, pull-up torque can 
reach 240% higher than the motor's full-load torque. 
A Class C motor increases the starting torque of the 
motor by 22596 and may have a pull-up torque as 
high as 20046. A Class D motor increases the starting 
torque of the motor 275%. Although a Class D motor 
increases the starting torque the most, a Class D mo- 
tor's pull-up torque never increases above the starting 
torque value. See Figure 16-4. |, 


MOTOR TORQUE CLASSIFICATION 


NEMA CLASSIFICATION 
DESIGN LETTER 


Шш 
= 
© 
[a 
О 
к 
Q 
< 
О 
эт 
- 
a 
=> 
ц. 
LL 
o 
a? 
ш 
=] 
IS 
га 
О 
=} 


SPEED (% OF SYNCHRONOUS SPEED) 


Horsepower 


Electrical power is rated in horsepower or watts. 
Horsepower (HP) is a unit of power equal to 746 W 
or 33,000 lb-ft per minute (550 lb-ft per second). A 
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watt (W) is a unit of measure equal to the power 
produced by a current of 1 A across a potential dif- 
ference of 1 V. A watt is l46 of 1 HP and is the 
base unit of electrical power. Motor power is rated 
in horsepower or watts. See Figure 16-5. 
Horsepower is used to measure the energy pro- 
duced by an electric motor while doing work. To cal- 
culate the horsepower of a motor when voltage, 
current, and efficiency are known, apply the formula: 


. Ix Ex Е} 


d 746 


where 

HP = horsepower 

І = current (in A) 

E = voltage (in V) 

Eff = efficiency 

746 = constant to convert watts to horsepower 


Example: Calculating Horsepower — Voltage, 
Current, and Efficiency Known 


What is the horsepower of a 115 V motor pulling 
8 A and having 82% efficiency? 


Ix ESO 
RU 746 
Bix 115x752 
ш m 
754.4 
udi 746 
HP SOCOL HP 


The horsepower of a motor determines the size of 
the load the motor can operate and the speed at which 
the load turns. To calculate the horsepower of a motor 
when speed and torque are known, apply the formula: 


where 

HP - horsepower 

rpm = revolutions per minute 
T = torque (in 16-#) 

33,000 


= 5252) 
2 


525% constant s 
TX 


Example: Calculating Horsepower – Speed and 
Torque Known 


What is the horsepower of a 1725 rpm motor with 
ап FLT of 3.1 Ib-ft? 
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MOTOR HORSEPOWER 
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120 V MOTOR 


| rpmx T 
HP =~ 5952 
1725x3.1 
TS) 
5347.5 
ESD) 
HP = 1.02 HP 


Formulas used to determine torque and horse- 
power are for theoretical values. An additional 15% 
to 40% capability may be required to start a given 
load when applied to a specific application. Loads 
that are hard to start require a high rating. To increase 
the rating, the calculated theoretical value is multi- 
plied by 1.15 (15%) to 1.4 (40%). 


Example: Calculating Horsepower with In- 
creased Output Capability 


What is the horsepower of a 1725 rpm motor 
with an FLT of 3.1 lb-ft with an added 30% output 
capability? 


373 W 
746 W 
1492 W 
3730 W 
74,600 W 


* in rpm 
** in lb-ft per HP 


of 2.25 Ib-ft? 


= rpmxT 
"n 5252 


_ 1180 х 2.25 
rs 5252 


_ 2655 
НР= 5252 


FLT = 2.25 lb-ft 


=} 
HP => HP 


_ ,rpmxTtT 
HP = ( 5252 ) x 96 
VSI 
HP= (— 5552 x 1.30 
5347.5 
HPz( 5252 ) x 1.30 
HP = 1.02 x 1.30 
HP = 1.326 HP 


Motor Speed, Torque, and Horsepower 
Relationship 


А motor's operating speed, torque, and horsepower 
rating determine the work a motor can produce. 
These factors are interrelated when applied to driving 
a load. See Figure 16-6. Speed and horsepower are 
proportional if torque remains constant. An increase in 
horsepower is required to maintain a constant torque 
if speed increases. A decrease in horsepower is 
required to maintain a constant torque if speed 
decreases. 
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MOTOR SPEED, TORQUE, AND HORSEPOWER RELATIONSHIP 
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Torque and horsepower are proportional if speed Motor Speed 
remains constant. An increase in horsepower is re- 
quired to maintain a constant speed if torque in- Synchronous speed is the theoretical speed of a motor 
creases. A decrease in horsepower is required to based on the motor’s number of poles and the line 
maintain a constant speed if torque decreases. frequency. Line frequency is the number of cycles of 


supplied voltage per second. The speed of a motor 
is measured in revolutions per minute (rpm). All mo- 


Horsepower remains constant if torque and speed tors, except synchronous motors, turn at speeds less 
vary simultaneously but in opposite directions. than synchronous speed. This operating (actual) 
Horsepower remains constant if torque is increased speed is listed on the motor’s nameplate. For ex- 
and speed is reduced. Horsepower also remains con- ample, a motor with a nameplate-listed speed of 


stant if torque is decreased and speed is increased. 1725 rpm has a synchronous speed of 1800 rpm. 
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Slip is the difference between the synchronous 
speed and actual speed of a motor. Slip is measured 
in percent. For example, the slip of a 1725 rpm motor 
(1800 rpm synchronous speed) is approximately 4% 


(1800 — 1725 = 2128 


= .041 = 4%). See Figure 16-7. 


Single-Phase Motors 


Single-phase motors are used when a fractional 
horsepower motor drive is required or where no 30 
power is available. Single-phase large horsepower 
motors are not normally used because they are inef- 
ficient compared to 3d motors and cost more to op- 
erate. With the exception of the universal motor, all 
1ф motors must have an auxiliary means for devel- 
oping starting torque. 


Note: Always refer to the manufacturer's wiring 


diagram. Although there are many similarities in 16 
motors, minor differences among manufacturers have 
Jed to hundreds of different wiring diagrams. 
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Ti he most common motor is a squirrel-cage in- 
duction motor. All induction motors operate at 
a speed less than their rated synchronous speed. 
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Split-Phase Motors 


A split-phase motor is a 19, AC motor that includes 
a running winding (main winding) and a starting 
winding (auxiliary winding). A split-phase motor is 
an AC motor of fractional horsepower, normally 
l^o HP to l^ HP. 


A split-phase motor has a rotating part (rotor), a 
stationary part consisting of the running winding and 
starting winding (stator), a centrifugal switch, and 
normally an overload switch. See Figure 16-8. The 
running winding and the starting winding are con- 
nected in parallel when starting. The running winding 
normally consists of a heavy, insulated copper wire 
and the starting winding consists of a fine, insulated 
copper wire. 


The centrifugal switch is located inside the motor, 
and its purpose is to disconnect the starting winding 
at about 75% of full-load speed. This allows the mo- 
tor to operate on the running winding only. The 
centrifugal switch recloses at approximately 40% 
of the motor speed when the motor is turned OFF 
(power removed). 


In addition to a centrifugal switch, many motors 
also contain a thermal overload switch. A thermal 
overload switch is a switch that operates its contacts 
when a preset temperature is reached. A thermal over- 
load switch protects the motor windings from burn- 
out. А thermal overload switch is activated by high 
temperatures. It automatically removes the starting 
and running windings from the power source. 


In normal operation, the thermal overload switch 
is closed. As more current than normal is allowed to 
pass through the motor windings, the switch begins 
to heat. At a preset temperature, the switch opens. 
This automatically removes the motor windings from 
power. The motor windings begin to cool when re- 
moved from power. An automatic thermal overload 
switch closes as it cools, and the motor is automat- 
ically restarted. A manual thermal overload switch 
must be manually reclosed to restart the motor. 


Split-phase motors produce low starting torque 
(75% to 20095 of full-load torque), have a constant 
speed, and are reversible. Split-phase motors are used 
in moderate torque applications such as small pumps, 
blowers, fans, machine tools, and oil burners. See 
Figure 16-9. 
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SPLIT-PHASE MOTOR COMPONENTS 


END RINGS 


CENTRIFUGAL 
SWITCH 


RUNNING n 
WINDING 


THERMAL 
OVERLOAD 
SWITCH 


HEATING 
ELEMENT 
DES l STARTING CENTRIFUGAL 
WINDING WITC 


TO 
POWER d ) STARTING 
SOURCE WINDING 


POWER APPLIED TO 


STARTING WINDING CONTACTS 


BIMETALLIC 
STRIP 


SWITCH 1 ТО POWER LINE T2 
OPENS 


FROM TO TO RUNNING WINDING AND 


POWER (——o Oo——— ) STARTING 2 CENTRIFUGAL SWITCH 


SOURCE HEATING 
шне ELEMENT 


MOTOR REACHES 60% — 80% 
OF RUNNING SPEED дБ ТОССО С 
MORE CURRENT, HEATER 
PRODUCES MORE HEAT 


SWITCH 
RECLOSES 


FROM TO 
POWER ( ) STARTING SWITCH AUTOMATICALLY 
SOURCE WINDING OPENS ON OVERLOAD 


SWITCH AUTOMATICALLY 
MOTOR REACHES APPROXIMATELY CLOSES WHEN COOLED ON 
40% OF RUNNING SPEED AUTOMATIC TYPE OR MUST 
BE RECLOSED MANUALLY 
ON MANUAL TYPE 


Split-phase motors are either single-voltage or one running winding to provide proper voltage dis- 
dual-voltage. Single-voltage motors can be connected tribution. Always refer to nameplate or manufac- 
to only one voltage level. A dual-voltage, split- turer's wiring diagrams. 


phase motor is a motor that can be connected to 
either of two voltages. In a dual-voltage, split-phase 
motor, the running winding is split into two sections. 
All the windings receive the same voltage when 
wired for low-voltage operation. Wiring for high- 

voltage connects the running windings in series. The | ien $ pe in the HP or service factor 
starting winding is connected in parallel with only ——— 


A: high altitudes (over 3000"), low-density air 
reduces a motor's cooling capacity, resulting 
in higher operating temperature. This is cor- 


242 ELECTRICAL PRINCIPLES AND PRACTICES 


SPLIT-PHASE MOTORS 
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Reversing Split-Phase Motors 


Reversing the rotation of a split-phase motor is ac- 
complished by interchanging the leads of the starting 
or running windings. The manufacturer's wiring dia- 
gram is used to determine the exact wires to inter- 
change. See Figure 16-10. An electrician can measure 
the resistance of the starting winding and running 
winding to determine which leads are connected to 
which windings if the manufacturer's information is 
not available. The running winding is made of a heav- 
ier gauge wire than the starting winding, so the run- 
ning winding shows a much lower resistance than 
the starting winding. 
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Capacitor Motors 


A capacitor motor is a 19, AC motor that includes 
a capacitor in addition to the running and starting 
windings. А capacitor is a device that stores an elec- 
trical charge. Capacitor motors are manufactured in 
sizes ranging from 1% HP to 10 HP. The construction 
of a capacitor motor is similar to that of a split-phase 
motor. The difference is that a capacitor is connected 
in series with the starting winding. The addition of 
a capacitor in the starting winding gives capacitor 
motors more torque than split-phase motors. Capaci- 
tor motors include capacitor-start, capacitor-run, and 
capacitor start-and-run motors. 
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Capacitor-Start Motors 


A capacitor-start motor operates much the same as 
a split-phase motor in that it uses a centrifugal switch 
that operates at approximately 75% of full speed. The 
starting winding and the capacitor are removed when 
the circuit opens. The capacitor used in the starting 
winding gives the capacitor-start motor a high start- 
ing torque. See Figure 16-11. 


Capacitor-start motors have a higher starting 
torque than split-phase motors (200% to 350% of 
full-load torque), have a constant speed, and are re- 
versed by interchanging starting winding connec- 
tions. Capacitor-start motors are the most common 
capacitor motors and are used in higher starting 
torque applications such as refrigerator compressors, 
air compressors, pumps, power tools, washing ma- 
chines, and air conditioners. 


CAPACITOR-START MOTORS 
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* TABLE 430.37 
* TABLE 430.148 
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* 240.6 — Standard Rating of Fuses and CBs 

* Table 310.16 — Conductor Current Ratings 

* 430 — Motors, Motor Circuits, and Controllers 

* 430.7 — Nameplate Markings 

* Table 430.7(B)— Code Letters 

* Table 430.37 — Required Overload Units 

* Table 430.148 — 16 Motor Full-load Currents 

* Table 430.72(B) — Sizing Overcurrent Protection Devices 
* Annex C — Maximum Number of Wires in Conduit 


Capacitor-Run Motors 


A capacitor-run motor is a capacitor motor that has 
the starting winding and capacitor connected in series 
at all times. A lower-value capacitor is used in a ca- 
pacitor-run motor than in a capacitor-start motor be- 
cause the capacitor remains in the circuit at full 
speed. This gives a capacitor-run motor medium start- 
ing torque (50% to 100% of full-load torque) and 
somewhat higher running torque than a capacitor-start 
motor. Capacitor-run motors are constant-speed motors 
that are reversible. Common uses include high running 
torque applications such as pumps, blowers, coolers, 
compressors, and conveyors. See Figure 16-12. 


CAPACITOR IN SERIES 
WITH STARTING 
WINDING (CAPACITOR 
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STARTING 
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STARTING 
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WINDING 


RUNNING 
CAPACITOR 
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Capacitor Start-and-Run Motors 


A capacitor start-and-run motor is a capacitor motor 
that has high- and low-value capacitors connected in 
parallel with each other and in series with the starting 
winding to provide a very high starting torque. The 
centrifugal switch disconnects the high-value capaci- 
tor at about 7546 full-load speed, leaving the low- 
value capacitor in the circuit. See Figure 16-13. 
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The net result is that a capacitor start-and-run mo- 
tor combines the advantages of a capacitor-start mo- 
tor (high starting torque) with the advantages of a 
capacitor-run motor (high running torque). In each 
case, the loads and the amount of torque (starting 
and running) determine which capacitor motor to use. 
The torque of a capacitor start-and-run motor is be- 
tween 350% to 450% of full-load torque. The motors 
have constant speed and are reversible. Common uses 
include high starting and running torque applications 
such as air conditioner compressors, conveyors, 
grinders, and pumps. 


Reversing Capacitor Motors 


The direction of rotation of a capacitor motor may 
be changed by reversing the connections to the start- 
ing or running windings. Whenever possible, the 
manufacturer's wiring diagram should be referred to 
for the exact wires to interchange. See Figure 16-14. 
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Three-Phase Motors 


Three-phase motors are the most common motors 
used in industrial applications. Three-phase motors 
are used in applications ranging from fractional 
horsepower to over 500 HP. They are used in most 
applications because they are simple in construction, 
require little maintenance, and cost less to operate 


than 1ф or DC motors. 


The most common 36$ motor used in most appli- 
cations is the induction motor. An induction motor 
is a motor that has no physical electrical connection 
to the rotor. Induction motors have no brushes that 
wear or require maintenance. Current in the rotor is 
induced by the rotating magnetic field of the stator. 

The stator is the stationary part of an AC motor. 
The rotor is the rotating part of an AC motor. A ro- 
tating magnetic field is set up automatically in the 
stator when the motor is connected to 36 power. The 
coils in the stator are connected to form three sepa- 
rate windings (phases). Each phase contains one-third 
of the total number of individual coils in the motor. 
These composite windings or phases are the А phase, 
B phase, and C phase. See Figure 16-15. 
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Each phase is placed in the motor so that it is 
120? from the other phases. A rotating magnetic field 
is produced in the stator because each phase reaches 
its peak value 120? apart from the other phases. 
Three-phase motors are self-starting and do not re- 
quire an additional starting method because of the 
rotating magnetic field in the motor. 


Single-Voltage, 3 Motor Construction 


To develop a rotating magnetic field in the motor, 
the stator windings must be connected to the proper 
voltage level. This voltage level is determined by the 
manufacturer and stamped on the motor nameplate. 
Three-phase motors are designed as either single- 
voltage motors or dual-voltage motors. А single-volt- 
age motor is a motor that operates at only one voltage 
level. A dual-voltage motor is a motor that operates 
at more than one voltage level. , 


Single-voltage motors are less expensive to manu- 
facture than dual-voltage motors, but are limited to 
locations having the same voltage as the motor. Com- 
mon single-voltage, 36 motor ratings are 230 V, 460 
У, and 575 V. Other single-voltage, 3 motor ratings 
аге 200 V, 208 У, and 220 V. АП 36 motors are 
wired so the phases are connected in either a wye 
(Y) or delta (A) configuration. See Figure 16-16. 


In a wye configuration, one end of each of the 
three phases is internally connected to the other 
phases. The remaining end of each phase is brought 
out externally and connected to the power lines. 
The leads which are brought out externally are la- 
beled terminals one (T1), two (T2), and three (T3). 
When connected, terminals T1, T2, and T3 are 
matched to the 36 power lines labeled line one 
(L1), two (L2), and three (L3). For the motor to 
operate properly, the 3$ power lines supplying 
power to the motor must have the same voltage and 
frequency rating as the motor. 


In a delta configuration, each winding is wired 
end-to-end to form a completely closed-loop circuit. 
At each point where the phases are connected, leads 
are brought out externally to form terminals one (T1), 
two (T2), and three (T3). These terminals, like those 
of a wye-connected motor, are attached to power lines 
one (L1), two (L2), and three (L3). The 3$ power 
lines supplying power to a delta-connected motor 
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must have the same voltage and frequency rating as 
the motor. 


Single-voltage 3 motors have good starting 
torque (100% to 275% of full-load torque), constant 
speed, and are reversible. Three-phase motors are the 
standard motor used in most industrial applications 
that require moderate to hard starting, such as pumps, 
blowers, conveyors, and machine tools. 


Dual-Voltage, 36 Motor Construction 


Most 3$ motors are constructed so that they may be 
connected for either of two voltages. Manufacturing 
motors for two voltages enables the same motor to 
be used with two different power line voltages. The 
normal dual-voltage rating of industrial motors is 
230/460 V. Always check the motor nameplate for 
proper voltage ratings. 


The higher voltage is preferred when a choice be- 
tween voltages is available. A motor uses the same 
amount of power and gives the same horsepower out- 
put for either high or low voltage, but as the voltage 
is doubled (230 V to 460 V), the current is cut in 
half. Using a reduced current enables the use of a 
smaller wire size which creates a savings on instal- 
lation. 


A wiring diagram is used to show the terminal 
numbering system for a dual-voltage, 36, wye-con- 
nected motor. Nine leads are brought out of the mo- 
tor. These leads are marked T1 through T9 and may 
be externally connected for either of the two voltages. 
The terminal connections for high and low voltage 
are shown below the wiring diagram. This informa- 
tion is normally provided on the motor nameplate. 
See Figure 16-17. 


The nine leads are connected in either series (high 
voltage) or parallel (low voltage). To connect a wye 
configuration for high voltage, L1 is connected to ТІ, 
JL (е) PT P (ко) 1 Mandel sis {rexel tie) 17/4 1) [б Ше, 
and T6 to T9. This connects the individual coils in 
phases A, B, and C in series, each coil receiving 5096 
of the line-to-neutral point voltage. The neutral point 
equals the internal connecting point of all three phases. 


To connect а wye motor for low voltage, L1 is 
connected to ТІ and T7, L2 to T2 and Т8, L3 to ТЗ 
and T9, and T4, T5, and T6 are tied together. This 
connects the individual coils in phases A, B, and C 
in parallel so each coil receives 100% of the line- 
to-neutral point voltage. 
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SINGLE-VOLTAGE, 3o MOTORS 
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HP = Fractional to over 500 
Volts = 230/460 

rpm = 1725 (1140, 3450) 
Ambient = 40°С 

Service Factor = 1.5 (1, 1.25) 


* TABLE 310.16 
* ANNEX C E 


+ 430.7 
- TABLE 430.7(B) 


* 240.6 — Standard Rating of Fuses and CBs 

* Table 310.16 — Conductor Current Ratings * TABLE 430.37 
* 430 — Motors, Motor Circuits, and Controllers SIZED AT * TABLE 430.150 
* 430.7 — Nameplate Markings 115% OR 12595 

* Table 430.7(B) — Code Letters ABOVE FLC 

* Table 430.37 — Required Overload Units 

e Table 430.148 — 16 Motor Full-load Currents 

* Table 430.72(B) — Sizing Overcurrent Protection Devices 

* Annex C — Maximum Number of Wires in Conduit 
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DUAL-VOLTAGE, 3o, WYE-CONNECTED MOTORS 


(el fk TO HIGH-VOLTAGE 


L3 
POWER SOURCE 
ме. wm HIGH-VOLTAGE —_— 
CONNECTION 
| | Ё R 
Ti T2 T3 
| | T8 | T9 
T4 T5 T6 


M 


OL H 
T2 
T1 T3 
EACH PHASE IS 
DIVIDED INTO Mos en 


TWO EQUAL 
PARTS 


HIGH VOLTAGE (SERIES) 


TO LOW-VOLTAGE 
POWER SOURCE 
LOW-VOLTAGE 
CONNECTION 
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A wiring diagram is used to show the terminal in parallel to distribute the voltage according to the 
numbering system for a dual-voltage, 3, delta-con- individual coil ratings. 


nected motor. The leads are marked T1 through T9 
and a terminal connection diagram is provided for 
wiring high- and low-voltage operations. The nine | 
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In the low-voltage configuration, the coils are wired —— 
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DUAL-VOLTAGE, 3o, DELTA-CONNECTED MOTORS 
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Reversing 30, Wye- and Delta-Connected 
Motors 


Reversing the direction of rotation of 36, wye- and 
delta-connected motors is accomplished by inter- 
changing any two of the three main power lines to 
the motor. Although any two lines may be inter- 
changed, the industry standard is to interchange L1 


and L3. This standard is true for all 36 motors in- 
cluding three, six, and nine lead wye- and delta-con- 
nected motors. Regardless of the type of 36 motor, 
L1 is connected to T1, L2 to T2, and L3 to T3 for 
forward rotation. L1 is connected to T3, L2 to T2, 
and L3 to T1 for reverse rotation. If a 3ф motor has 
more than three leads coming out, these leads are 
connected according to the motor's wiring diagram. 


t 


Interchanging L1 and L3 is a standard for safety 
reasons. When first connecting a motor, the direction 
of rotation is not normally known until the motor is 
started. It is common practice to temporarily connect 
the motor to determine the direction of rotation be- 
fore making permanent connections. Motor lead tem- 
porary connections are not taped. By always 
interchanging L1 and L3, L2 can be permanently con- 


nected to T2, creating an insulated barrier between 
L1 and L3. 


DC Motors 


DC motors are normally used where the load requires 
an adjustable speed and simple torque control. Com- 
mon applications for DC motors include printing 
presses, cranes, elevators, shuttle cars, and automo- 
bile starters. 


A DC motor consists of a field circuit and an ar- 
mature circuit. The field circuit consists of stationary 
windings or permanent magnets that provide a mag- 
netic field around the armature. The armature circuit 
consists of laminated steel slots connected to the 
shaft and terminated at the commutator. When wind- 
ings are used in the field circuit, power is applied 
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to the windings through wires that are brought out 
from the windings. When permanent magnets are 
used for the field circuit, no power is applied to the 
windings, so no wires are brought out from the field 
circuit. 


Power is applied to the armature circuit through 
brushes that ride on the commutator as the armature 
rotates. The brushes are connected to power through 
wires that are brought out from the motor. 


DC motors include series, shunt, compound, and 
permanent-magnet motors. The main difference be- 
tween the motors is in the way in which the field 
coil and armature coil circuits are wired. This rela- 
tionship is either a series, parallel, or series-parallel 
connection. 


DC Series Motors 


A DC series motor is a DC motor that has the series 
field coils connected in series with the armature. The 
series field coils are composed of a few turns of 
heavy gauge wire. The series coil wires are marked 
S1 and S2. The armature wires are marked A1 and 
A2. See Figure 16-19. 
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A DC series motor has a high starting torque 
(400% to 450% of full-load torque), variable speed, 
and is reversible. This allows the motor to start very 
heavy loads. The speed of a DC series motor in- 
creases as the load decreases. A DC series motor de- 
velops high starting torque because the same current 
that passes through the armature also passes through 
the field. If the armature calls for more current (de- 
veloping more torque), this current also passes 
through the field, increasing the field strength. DC 
series motors are used in very high starting torque 
applications such as hoists, bridges, and traction 
equipment. 

The ability to draw more current is an advantage as 
long as a load is applied to the motor because the load 
tends to hold the motor speed under control. The vari- 
able speed characteristic allows the motor to keep in- 
creasing speed after the load is moved. The motor 
throws itself apart at uncontrolled speeds if left un- 
checked. For this reason, it is necessary to positively 
connect DC series motors to loads through couplings 
or gears that do not allow slip. Belt drives should not 
be used on DC series motors. In small DC series motors, 
brush friction, bearing friction, and winding loss may 
provide sufficient load to hold the speed to a safe level. 


TECH 


V 


Automobiles use DC motors extensively to power 
accessories such as cassette players, CD players, 
power windows, power seats, etc. il 


DC Shunt Motors 


A DC shunt motor is a DC motor that has the arma- 
ture and field circuits wired in parallel. This produces 
an essentially constant field strength and motor 
speed. The windings extending from the shunt field 
are marked ЕІ and F2. See Figure 16-20. The shunt 
field can be either connected to the same power sup- 
ply as the armature (self-excited) or to another power 
supply (separately-excited). 


When DC shunt motors are separately excited, the 
motor can be speed controlled by varying the field 
current. Field speed control can be accomplished by 
inserting external resistances in series with the shunt 
field circuits. As resistance is increased in the field 
circuit, field current is reduced and the speed is in- 
creased. Conversely, as resistance is removed from 
the shunt field, field current is increased and the 
speed is decreased. By selecting the proper controller, 
the motor may be set for a specific speed control 
range. Standard DC shunt field voltages are 100 V, 
150 V, 200 V, 240 V, and 300 VDC. 


DC shunt motors have good starting torque (12596 
to 250% of full-load torque), are variable from 0 to 
full speed, and are reversible. DC shunt motors are 
used in applications that require good speed control, 
such as woodworking machines, metalworking ma- 
chines, elevators, and centrifugal pumps. 
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DC Compound Motors 


A DC compound motor is a DC motor in which the 
field coil is a combination of the series and shunt 
fields. See Figure 16-21. The series field is connected 
in series with the armature and the shunt field is con- 
nected in parallel with the series field and armature. 
This arrangement combines the characteristics of 
both the DC series and DC shunt motor. DC com- 
pound motors have high starting torque (30096 to 
400% of full-load torque), fairly good speed torque 
characteristics at rated load, and are reversible. Only 
large bidirectional DC compound motors are nor- 
mally built because of the complicated circuits 
needed to control compound motors. 


T 
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fully loaded is higher than the nameplate cur- || 
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Some smaller DC motors may be slightly com- 
pounded to improve starting characteristics. DC com- 
pound motors are used in applications in which 
starting torque is higher and speed must be controlled 
such as elevators, hoists, conveyors, and printing 
presses. These applications need a fairly high starting 
torque and a reasonably constant running speed. 


DC Permanent-Magnet Motors 


A DC permanent-magnet motor is a DC motor that 
uses magnets, not a coil of wire, for the field winding. 
A DC permanent-magnet motor has molded magnets 
mounted into a steel shell. The permanent magnets 
are the field coils. DC power is supplied only to the 
armature. See Figure 16-22. 


A DC permanent-magnet motor is used in auto- 
mobiles to control power seats, power windows, and 
windshield wipers. They produce relatively high torque 
at low speeds and provide some dynamic (self-) braking 
when removed from power. 


Reversing DC Motors 


The direction of rotation of DC series, shunt, and 
compound motors may be reversed by reversing the 
direction of the current through the field without 
changing the direction of the current through the ar- 
mature, or by reversing the direction of the current 
through the armature, but not both. The industrial 
standard is to reverse the current through the arma- 
ture. The direction of rotation of a DC permanent- 
magnet motor is reversed by reversing the direction 
of the current through the armature only, since there 
are no field connections available. 


In a DC compound motor, the series and shunt 
field relationship to the armature must be left un- 
changed. The shunt must be connected in parallel 
and the series field in series with the armature. Re- 
versal is accomplished by reversing the armature con- 
nections only. If the motor has commutating pole 
windings, these windings are considered a part of 
the armature circuit and the current through them 
must be reversed when the current through the ar- 
mature is reversed. Commutating windings (inter- 
poles) are used to prevent sparking at the brushes in 
some DC motors. 
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DC PERMANENT-MAGNET MOTORS 
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See NEC® Table 430.52 for maximum rating 
for setting of motor branch-circuit short-cir- ; 
cuit and ground-fault protective devices for | 


|, 
various types of motors. 


Always check the wiring diagram on a motor 
nameplate because some DC motors include 
a dual-voltage field. Fi 


Basic Circuit Elements 


Electrical circuits range from simple to complex. 
Simple electrical circuits may include only a power 
supply, switch, and load. The power supply may be 
a DC, AC, DC to AC, or AC to DC power supply. 
The switch starts or stops the flow of current in the 
circuit. Switches may be mechanical or solid-state. 
A load is any device that converts electrical energy 
to motion, heat, light, or sound. Common loads in- 
clude heating coils (electrical energy to heat), lamps 
(electrical energy to light), speakers (electrical en- 
ergy to sound), and motors (electrical energy to mo- 
tion). See Figure 17-1. 


A flashlight is an example of a simple electrical 
circuit. A flashlight includes a power supply (batter- 
ies), switch, and a load (lamp). A digital clock is an 
example of a more complex electrical circuit. A digi- 
tal clock that plugs into 115 VAC includes a step- 
down transformer, rectifier (AC to DC) circuit, filter 
circuits, digital logic circuits, LED displays, and 
manual input controls (time setting switches). 


In a flashlight circuit, the only opposition to cur- 
rent flow is the lamp. A high-wattage lamp offers 
less resistance (allowing a higher current flow) and 
a low-wattage lamp offers more resistance (allowing 
a smaller current flow). Ohm's law and the power 
formula may be directly applied for determining volt- 
age (E), current (I), resistance (К), and power (P), 
because the lamp is a resistive load and the power 
supply (batteries) is pure DC. 
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Ohm’s law and the power formula cannot always 
be directly applied to more complex DC circuits and 
most AC circuits. For example, the digital clock cir- 
cuit includes inductance (step-down transformer) and 
capacitance (capacitors) in addition to resistance (re- 
sistors). Inductance (L) and capacitance (C) affect 
electrical circuits differently than only resistance (R). 
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Thus, resistance, inductance, and capacitance must all 
be considered when analyzing a circuit that includes 
more than just a resistive load. See Figure 17-2. 


Resistive Circuits 


A resistive circuit is a circuit that contains only re- 
sistance. Resistive circuits are the simplest circuits. 
A circuit that controls a heating element is an ex- 


ample of a resistive circuit. In a resistive circuit, the 
electrical characteristics of the circuit are the same 
regardless of whether an AC or DC voltage source 
is used. See Figure 17-3. 


In a resistive circuit, voltage, current, resistance, 
and power are easily calculated. Ohm's law and 
the power formula may be applied if any two elec- 
trical quantities are known (or measured). АП elec- 
trical circuits include some resistance, because all 
conductors, switch contacts, connections, loads, etc. 
have resistance. 
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Conductor Resistance 


All electrical circuits use conductors to carry elec- 
tricity to different parts of the circuit. A conductor 
is any material that allows electricity to flow through 
it. All conductors have some resistance. Conductor 
resistance should be kept to a value low enough that 
the conductor has little or no effect on circuit opera- 
tion. Conductor resistance is kept to a minimum by 
limiting the temperature in the circuit and by using 
the correct size, length, and material of the conductor. 
The resistance of any conductor (or material) with a 
uniform cross-sectional area is based on: 


e Material Temperature — For metals, the higher the 
temperature, the greater the resistance. 


e Conductor Size (cross-sectional area) — The smaller 
the conductor, the greater the resistance. 


e Conductor Length – The longer the wire, the 
greater the resistance. 


e Material — Copper has less resistance than alumi- 
num. Aluminum has less resistance than iron. 


As the area of the conductor increases, its resis- 
tance decreases. As the length of the conductor (cur- 
rent path) increases, its resistance increases. Thus, 
the resistance of a conductor is directly proportional 
to its length and inversely proportional to its cross- 
sectional area. 


Resistivity is the resistance of a conductor having 
a specific length and cross-sectional area. Resistivity 
is used to compare the resistance characteristics of 
different materials. Materials with high resistivity are 
poor conductors (good insulators) and materials with 
low resistivity are good conductors (poor insulators). 


As the temperature of a conductor increases, the 
free electrons between the atoms move faster and 
their vibrations increase. For this reason, more col- 
lisions occur between the free electrons drifting along 
the conductor and the atoms of the material. As the 
number of collisions increases, the flow of current 
decreases. Thus, an increase in temperature affects 
the resistance of the conductor and the circuit. For 
example, the resistance of copper at 100?C is about 
43% greater than its resistance at O°C. In general, 
resistance increases proportionally with an increase 
in temperature for most conductor materials. How- 
ever, in most nonmetals, resistance decreases with 
an increase in temperature. 


Cold and Hot Resistance 


Cold resistance is the resistance of a component 
when operating current is not passing through the 
device. Hot resistance is the actual (true) resistance 
of a component when operating current is passing 
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through the device. Hot resistance is the actual re- 
sistance that determines the amount of current flow. 
However, the hot resistance of a component cannot 
be measured because ohmmeters cannot be used in 
an operating circuit. 


The resistance measured in some components 
when no power is applied (cold resistance) is not the 
same as the actual resistance of the component when 
power is connected and the circuit is operating. An 
incandescent lamp is an example of a component that 
changes resistance once power is applied. The lamp 
radiates light because the current flowing in the cir- 
cuit raises the filament temperature to a white-hot 
level. The physical properties of most materials is 
such that their resistance increases with a increase 
in temperature. See Figure 17-4. 


Although some circuits include only resistance, 
most circuits include other electrical characteristics 
in addition to resistance. For example, any circuit 


that includes a motor, solenoid, bell, alarm, speaker, 
fluorescent lamp, HID (high-intensity discharge) lamp, 
transformer, mechanical relay, motor starter, contactor, 
or an electronic circuit, includes inductance and/or ca- 
pacitance in addition to resistance. Inductance and ca- 
pacitance, like resistance, affect how a circuit 
operates and the actual amount of power the circuit 
uses. [n some circuits, inductance and/or capacitance 
has more effect on current flow than resistance. 


Inductance 


Inductance (L) is the property of a circuit that causes 
it to oppose a change in current due to energy stored 
in a magnetic field. The opposition to a change in 
current is a result of the energy stored in the magnetic 
field of a coil. The unit of inductance is the henry 
(H). Inductance is normally stated in henrys (H), mil- 
lihenrys (mH), or microhenrys (uH). 


COLD AND HOT RESISTANCES 


SCREW 
BASE 


CENTER 
CONTACT —~ 


COLD RESISTANCE 
MEASURED WITH 
POWER OFF 


COLD RESISTANCE 


ae 


TO 120 VAC 
POWER 
SUPPLY 


Figure 17-4 


HOT RESISTANCE 


(20+) 


H-240 О 
HOT RESISTANCE CALCULATED 
FROM VOLTAGE AND 
CURRENT MEASUREMENTS 


Any time current flows through a conductor, a 
magnetic field is produced around the conductor. A 
conductor wrapped into a coil produces a strong mag- 
netic field around the coil any time current flows 
through the coil. Direct current flow produces a con- 
stant magnetic field around the coil. Alternating cur- 
rent flow produces an alternating magnetic field 
around the coil. See Figure 17-5. 
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In a DC circuit, once the magnetic field is built, 
it remains at its maximum potential until the circuit 
(switch) is opened. Once the circuit is opened, the 
magnetic field collapses. In an AC circuit, the mag- 
netic field is continuously building and collapsing 
until the circuit is opened. In an AC circuit, the mag- 
netic field also changes direction with each change 
in sine wave alternation. 
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Magnetic Field Strength 


The amount of inductance produced by a coil de- 
pends on the strength of the magnetic field pro- 
duced by the coil. The strength of the magnetic 
field depends on the number of turns of wire, spac- 
ing between turns, core used, and wire size (gauge). 
See Figure 17-6. 


Anything that increases the strength of an induc- 
tor's magnetic field increases inductance. Factors that 
determine a coil's inductance include: 


e Number of turns in the coil – The greater the num- 
ber of turns, the higher the inductance. The induc- 
tance is greater because more counterelectromotive 
force (reverse voltage produced by the magnetic lines 
of force) is induced. Counterelectromotive force 
(CEMF) pushes back against the supply voltage and 
attempts to keep the circuit current flow at zero. 


e Length and spacing of the coil - The more area 
(length) a coil has and/or the closer the spacing 
between turns, the higher the inductance. 


* Core material and the relative permeability of the 
core material — Ferrous (containing iron) materials 
are the best material to use for magnetic fields. A 


copper core weakens the magnetic field and reduces 
inductance. A ferrous core increases inductance. 


e Size of the wire used to make the coil - Large wire 
sizes allow more current to flow, which produces 
a stronger magnetic field. The larger the wire (and 
higher current), the higher the inductance. 


The number of turns, size of the coil, and core 
material are fixed by the manufacturer. Thus, the only 
variable in most coils is the amount of current flow- 
ing through the coil. The amount of current flowing 
through the coil is determined by the total circuit 
resistance. The higher the total resistance, the lower 
the circuit current. Likewise, the lower the total re- 
sistance, the higher the circuit current. 


A component may have inductance by design or 
due to individual components used to make it operate. 
Coils designed to have specific values of inductance 
are referred to as inductors, coils, or chokes. These 
components are intentionally added into a circuit to 
take advantage of the properties of inductance that 
they produce. Inductors are generally added into a 
circuit to contro] the amount of current flowing in a 
circuit or a branch of the circuit. For example, a bal- 
last (coil) is added to fluorescent and HID lamp cir- 
cuits to provide a high-voltage starting surge and 
limit current flow. See Figure 17-7. 
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Other components are not designed specifically to 
have inductance, but include inductance anyway. For 
example, all solenoids, motors, generators, trans- 
formers, and any component including a coil (me- 
chanical relay, etc.) have inductance. 


Inductors 


Inductors operate on the same basic electrical prin- 
ciples of magnetism as transformers. The difference 
between an inductor and a transformer is the number 
of coils used. Inductors use one coil, transformers 
use two or more coils. See Figure 17-8. 
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The three basic inductors include air-core, iron- 
core, and ferrite-core. Air-core inductors consist of 
a coil (copper wire) wrapped around a form (plastic, 
ceramic, or Bakelite) with no material in the middle. 
Air-core inductors do not change their inductance 
value (as do iron-core and ferrite-core) with a change 
in current. Air-core inductors are used in high fre- 
quency equipment circuits, such as radios (AM and 
FM), TVs, and other transmitter/receiver circuits. 


rorum NE MATERA ONES iii emnene sont turni Sat ncn 


The unit of inductance (henry) is named after 
the American physicist Joseph Henry. Henry’s | 
experiments with electromagnets led to the de- 
velopment of the telegraph. 
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Iron-core inductors consist of a coil (copper wire) 
wound around a laminated steel core. Iron-core in- 
ductors are commonly used in circuits that operate 
at standard AC power frequencies (50 Hz and 60 Hz) 
and at audio frequencies (20 Hz to 20 kHz). 


Ferrite-core inductors consist of a core made up 
of ceramic materials (ferrite). Ferrite is a chemical 
compound consisting of powdered iron oxide and ce- 
ramic. Ferrite-core inductors are available with a 
movable ferrite core that can be adjusted for different 
circuit tuning applications. As the core is moved out 
of the coil, the air gap reduces the strength of the 
magnetic field and the amount of inductance. Like- 
wise, as the core is moved into the coil, the air gap 
is replaced by the core and inductance is increased. 
Ferrite-core inductors are used to tune many elec- 
tronic circuits. 


1 
I nductors, which are used at higher frequen- | 
cies, are often referred to as RF chokes or RF | 
coils because of their early radio use. 


ы —"-————————— 


AC Circuit Inductive Reactance 


Inductive reactance (XL) is an inductor's opposition 
to alternating current. Like resistance, inductive re- 
actance is measured in ohms. The amount of induc- 
tive reactance in a circuit depends on: 


e The amount of inductance (in henrys) of the coil 
(inductor). Inductance is normally a fixed amount. 


e The frequency of the current. Frequency may be a 
fixed or variable amount. 


To calculate inductive reactance for AC circuits, 
apply the formula: 


Xp = 2nfL 
where 
Xr = inductive reactance (in Q) 


2n = 6.28 (indicates circular motion that produces 
the AC sine wave) 


f = applied frequency (in Hz) 


L = inductance (in H) 


The formula indicates that the higher the fre- 
quency or greater the inductance, the higher the in- 
ductive reactance. Likewise, the lower the frequency 
or lesser the inductance, the lower the inductive re- 
actance. See Figure 17-9. 


Example: Calculating Inductive Reactance of a 
Low Value Coil 


What is the inductive reactance of an 8 mH coil 
connected to a 50 kHz circuit? 


AL = Aai 
XL = 6.28 x 50,000 x .008 
Хг = 2512 Q 


Example: Calculating Inductive Reactance of a 
High Value Coil 


What is the inductive reactance of a 20 mH coil 
connected to a 50 kHz circuit? 


Nao tL 
Xr = 6.28 x 50,000 x .02 
XL = 6280 О 


Example: Calculating Inductive Reactance at 
Low Frequency 


What is the inductive reactance of a 100 mH coil 
connected to a 1 kHz circuit? 

Ar 2m 

XL = 6.28 x 1000 x .1 

XL = 628 Q 


Example: Calculating Inductive Reactance at 
High Frequency 


What 1s the inductive reactance of a 100 mH coil 
connected to a 100 kHz circuit? 


XL = 2nfL 
XL = 6.28 x 100,000 x .1 
ХІ = 62,800 Q 


Inductive reactance can take the place of resis- 
tance when using Ohm's law because inductive re- 
actance is, in effect, AC resistance. This can be done 
if voltage and current measurements are taken on a 
circuit in which frequency is known (or measured). 
Inductive reactance can be found when the voltage 
across and current through a coil is measured. See 
Figure 17-10. 
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To calculate inductive reactance when voltage 
across a coil (Er) and current through a coil (Ir) are 
known (or measured), apply the formula: 


EL 
EU 
where 
Хү, = inductive reactance (in Q) 
Er = voltage across coil (in V) 
Ir = current through coil (in A) 


XL 


F (CONSTANT) 


X, INCREASES AS 
INDUCTANCE INCREASES 


Example: Calculating Inductance Reactance – 
Voltage and Current Measured 


What is the inductive reactance of a circuit that 
contains a coil connected to a 120 VAC power source 
and has 80 mA of current flow? 


EL 
Aum Nm 

120 
^L =a 
Xr = 1500 Q 
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Figure 17-10 


Inductive reactance may be calculated when the 
frequency and inductance are known. Also, the third 
variable may be found if any two factors (inductive 
reactance, frequency, or inductance) are known. To 
calculate any one of the unknown quantities, apply 
the formulas: 


X X 
RON. NE - 
n f 2n L 


where 

XL = inductive reactance (in Q) 

2n = 6.28 (indicates circular motion that produces 
the AC sine wave) 

f = applied frequency (in Hz) 

L = inductance (in Н) 


A voltmeter and ammeter may be connected into 
a circuit to measure the circuit's applied voltage and 
current flow. These values may be used to calculate 
the inductance of the coil. 


Example: Calculating Inductance - Inductive 
Reactance and Frequency Known 


What is the inductance of a coil when the voltage 
in the circuit is 24 VAC, the current is 60 mA, and 
the frequency is 60 Hz? 


1. Calculate inductive reactance using measured 
voltage and current. 


INDUCTIVE 
LOAD 
X, 215000 


Er 
"OD = dL 

24 
AL = DG 
Xp = 400 Q 


2. Calculate inductance based on inductive reactance 
and frequency. 


XL 
|l, Em o 
2n f 
p 400 
6.28x 60 
400 
Шы с 
1, = 1.06 Н 


Example: Calculating Frequency - Inductance 
and Inductive Reactance Known 


What is the line frequency in a circuit containing 
a 1 Н coil, a measured voltage of 24 V, and a meas- 
ured current of 76 mA? 


1. Calculate inductive reactance based on measured 
voltage and current. 


EL 
XL = dL 

24 
XL = "076 
Xp = 316 Q 


2. Calculate line frequency based on inductive 


reactance. 
Lg 
~ ML 
316 
a 6.28x 1 
f = 50.3 Hz 


Note: Line frequency may be changed (or ad- 
justed) intentionally as it is in most electronic com- 
munication equipment or it may be changed when a 
piece of equipment is used in a different country. 
For example, the standard line frequency in the U.S. 
is 60 Hz. The standard line frequency in Europe is 
50 Hz. Such circuit changes must be considered when 
designing (or using) equipment overseas. 


DC Circuit Inductive Reactance 


At zero frequency (DC circuits), there is no oppo- 
sition due to inductance. In DC circuits, a coil has 
low resistance and no inductive reactance. Current 
flow through a coil connected to DC is limited only 
by the resistance of the wire. The inductor has no 
resistance (XL) except the small resistance of the 
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wire. Thus, for a steady direct current without any 
change in current, inductive reactance is normally 
considered to be zero. The amount of resistance is 
less with a large wire or less turns. The amount of 
resistance is greater with a small wire or more turns. 
See Figure 17-11. 


Current flow through a coil connected to AC is 
limited by the wire resistance and the inductive 
reactance. In AC circuits, a coil has low resistance 
and high inductive reactance. This reduces current 
flow in the circuit and produces a voltage drop 
across the coil. 


There are many circuit applications that use in- 
ductors. For example, circuits use inductors where 
it is desired to have high resistance (XL) to alter- 
nating current flow but little resistance (XL) to di- 
rect current flow. Inductors are also used in circuits 
to produce more opposition to a high frequency 
alternating current compared with low frequency al- 
ternating current. 
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Series Inductive Reactance 


The inductive reactance of a circuit containing more 
than one coil is found by first determining the total 
inductance of the circuit and then calculating the in- 
ductive reactance. The inductive reactance of three 
coils connected in series is calculated by adding the 
inductance of each coil to find the total inductance 
and then calculating the inductive reactance. See Fig- 
ure 17-12. 
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Example: Calculating Inductive Reactance – 
Coils Connected in Series 


What is the inductive reactance of a circuit con- 
taining coils of 4 mH, 6 mH, and 20 mH connected 
to a 1000 Hz AC supply? 


1. Calculate total inductance of coils connected in 
series. 
Lr=Lit Бо + ІЗ +... 
Lr 2 4 * 6 + 20 


Lg = 30 mi 
2. Calculate inductive reactance based on total in- 
ductance. 
Arcam 
XL = 6.28 x 1000 x .03 
XL = 188.4 Q 


Parallel Inductive Reactance 


The total inductance in a circuit containing parallel- 
connected coils is less than the smallest coil value. 
The total inductance of two coils connected in par- 
allel is found by applying the same formula for cal- 
culating the resistance of two loads connected in 
parallel. The inductive reactance in a circuit contain- 
ing two parallel-connected coils is found by calcu- 
lating the total inductance of the two coils and then 
calculating the inductive reactance. See Figure 17-13. 
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Example: Calculating Inductive Reactance – 
Two Coils Connected in Parallel 


What is the inductive reactance of a circuit con- 
taining a 4 mH coil and a 6 mH coil connected in 
parallel to a 1000 Hz AC supply? 


]. Calculate total inductance of two coils connected 
in parallel. 


Lixo 
I5 = 

L| L2 

4x6 
lps 

4+6 

24 
LT= 9 


Lr = 2.4 mH 


2. Calculate inductive reactance based on total re- 


actance. 

in, = TREE 

XL = 6.28 x 1000 x .024 
XL = 150.72 © 


The total inductance of three coils connected in 
parallel is found by applying the same formula for 
calculating the resistance of three loads connected 
in parallel. The total circuit inductance decreases 
if coils are added in parallel and increases if coils 
are removed. The inductive reactance in a circuit 
containing three parallel-connected coils is found 
by calculating the total inductance of the three 
coils and then calculating the inductive reactance. 
See Figure 17-14. 
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Example: Calculating Inductive Reactance — 
Three Coils Connected in Parallel 


What is the inductive reactance of a circuit con- 
taining three parallel-connected coils with induc- 
tances of 5 mH, 10 mH, and 20 mH connected to a 
1000 Hz supply? 


1. Calculate total inductance of three coils con- 
nected in parallel. 
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1 
ET a T i 
jij, ^ dig Ба 
l 
ос а 
SEI OSS20 
ira eE 
.20+.10+.05 
| 
xxr 
Lr = 2.86 mH 


2. Calculate inductive reactance based on circuit total 
inductance. 
Жл, = Эду 
XL = 6.28 x 1000 x .0286 
XL = 179.608 О 


Capacitance 


Capacitance (C) is the ability of a component or cir- 
cuit to store energy in the form of an electrical 
charge. A capacitor is an electric device specifically 
designed to store a charge of energy. The unit of 
capacitance is the farad (F). The farad is a unit 
that is too large for most electrical/electronic ap- 
plications. Thus, capacitance (and capacitor values) 
are normally stated in microfarads (uF) or pico- 
farads (pF). 

А capacitor consists of two conductors (plates) 
separated by an insulator (dielectric), which allows 
an electrostatic charge to be developed. The electro- 
static charge becomes a source of stored energy. 
The strength of the charge depends on the applied 
voltage, size of the conductors, and quality of the 
insulation. The dielectric may be air, paper, oil, 
ceramic, mica, or any other nonconducting material. 
See Figure 17-15. 

The closer the two plates are placed together, the 
greater the charge on them. A capacitor is charged 
when its leads are connected to a DC voltage source. 
The positive terminal of the voltage source attracts 
electrons from the plate connected to it and the nega- 
tive terminal of the voltage source repels an equal 
number of electrons into the negative plate. Charging 
(current flow) continues until the voltage across the 
charged plates is equal to the applied voltage. At this 
time the capacitor is fully charged. 
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Once charged, the voltage source may be discon- 
nected from the capacitor. The stored energy remains 
between the two capacitor plates. Thus, a capacitor 
has the ability to store the amount of charge equal 
to the applied charging voltage. The capacitor holds 
this charge until something is connected between the 
two leads. At this time the capacitor discharges its 
stored energy. Once discharged, the capacitor must 
be recharged. 


Capacitors are rated for voltage and capacitance. The 
voltage rating indicates the maximum voltage that can 
safely be applied to the capacitor leads. The amount 
of capacitance a capacitor has is determined by: 


e The area of the plates. The greater the plate area, 
the higher the capacitance value. 


e The spacing between the plates. The closer the 
plates, the higher the capacitance. 


e The dielectric used. The better the dielectric ma- 
terial, the higher the capacitance value. 


LI 
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e Connection arrangement. Capacitors are connected 
in parallel to increase total circuit capacitance. 


Capacitors 


Capacitors may be fixed or variable. A fixed capaci- 
tor is a capacitor that has one value of capacitance. 
A variable capacitor is a capacitor that varies in ca- 
pacitance value. Fixed capacitors are classified ac- 
cording to the dielectric used. Fixed capacitors 
include mica, paper, ceramic, and electrolytic capaci- 
tors. Mica, paper, and ceramic capacitors are not po- 
larized. These capacitors may be connected in a 
circuit with either terminal lead connected to the 
positive side of the circuit. Electrolytic capacitors are 
polarized. They must be connected in a circuit with 
the positive terminal lead connected to the positive 
side of the circuit. See Figure 17-16. 
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CAPACITOR CONSTRUCTION 


SHEETS PRESSED 
TOGETHER AND 
DIPPED OR MOLDED 


LEADS 
MICA 


MYLAR SHEETS 


PAPER (PLASTIC) 


CERAMIC SLAB 
SILVER COATING 


OUTER 


PROTECTIVE 
COATING к 


LEADS 


CERAMIC 


POLARITY 
MARK 


NEGATIVE PLATE | 
AN ga POSITIVE PLATE 


ALUMINUM 
OXIDE 


METAL FOIL 


GAUZE (SATURATED 
WITH ELECTROLYTE) 
LEADS 


ELECTROLYTIC 


Mica Capacitors 


Mica capacitors use mica as the dielectric. Mica ca- 
pacitors are made by stacking mica sheets between 
a metal foil (tinfoil or aluminum sheets). The strips 
of tinfoil are connected to create one plate and the 
mica sheets are connected to create the other plate. 
Mica capacitors are small in size and have low ca- 
pacitance ratings. Although mica capacitors have low 
capacitance values, they have high-voltage ratings. 
For this reason, mica capacitors are often used in 
high-voltage circuits. Mica capacitors commonly 


range from 1 pF to about .1 uF. 


A capacitor was originally referred to as a , 


Ht condenser. This term was used extensively in ` 
the automotive industry. The points (switch), | 
i plugs, and condenser were changed as part of | 


a tune-up. 


ө 


СОММЕСТОМ ТО 
MOVABLE METAL PLATES 


MOVABLE 
METAL PLATES 


CONNECTION 
TO STATIONARY 
METAL PLATES 


STATIONARY 
METAL PLATES 


VARIABLE 


Paper (Plastic) Capacitors 


Paper capacitors use wax paper or plastic film as the 
dielectric. In newer capacitors, mylar has replaced 
the paper film. Paper capacitors are made of flat 
strips of metal foil separated by a dielectric rolled 
into a compact cylinder. To prevent moisture problems, 
they are normally sealed in wax. Paper capacitors have 
low capacitance ratings from .001 uF to 1 uF. Their 
voltage ratings are normally less than 600 V. 


Ceramic Capacitors 


Ceramic capacitors use ceramic as the dielectric. The 
advantage of using ceramic is that it can produce the 
same effect as a paper dielectric, but in less space. 
Ceramic capacitors commonly range from 500 pF to 


ОЛЕШЕ 
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Electrolytic Capacitors 


Electrolytic capacitors use a paste as the dielectric. 
Electrolytic capacitors provide more capacitance for 
their size than any other type of capacitor. For this 
reason, electrolytic capacitors are used when a very 
high capacitance is required. Electrolytic capacitors 
may have 100,000 uF of capacitance or more. 


Variable Capacitors 


Variable capacitors normally use air or mylar as the 
dielectric and include movable and stationary metal 
plates. The capacitance is maximum when the mov- 
able plates are fully meshed (but not touching) with 
the stationary plates. Moving the plates apart lowers 
the capacitance. Variable capacitors are used as tun- 
ing capacitors in radio receivers. The capacitance is 
varied to tune in different stations. 


VOLTAGE ACROSS CAPACITOR 
CIRCUIT SI 


+. 


CAPACITIVE REACTANCE DECREASES 
WITH HIGHER FREQUENCIES 


Capacitive Reactance 


The charges on the plates of a capacitor reverse with 
each change in the applied voltage polarity when a 
capacitor is connected to an AC power supply. The 
plates are alternately charged and discharged. Capaci- 
tors offer opposition to the flow of current in a circuit 
when connected to an AC power supply. Capacitive 
reactance (Xc) is the opposition to current flow by 
a capacitor. Like inductive reactance (XL), capacitive 
reactance is expressed in ohms. See Figure 17-17. 
To calculate capacitive reactance, apply the formula: 


1 
© 2л/С 
where 


XC 


Xc = capacitive reactance (in О) 

2n = 6.28 (indicates circular motion that produces 
the AC sine wave) 

f = applied frequency (in Hz) 

C = capacitance (in F) 


— CAPACITIVE REACTANCE _ 


CURRENT LEADS 
VOLTAGE BY 90° IN A 
CAPACITIVE CIRCUIT 


CAPACITIVE REACTANCE DECREASES 
WITH HIGHER VALUES 
OF CAPACITANCE 


The formula for capacitive reactance shows that 
the higher the frequency or the greater the capaci- 
tance, the lower the capacitive reactance. Likewise, 
the lower the frequency or the lower the capacitance, 
the higher the capacitive reactance. 


Example: Calculating Capacitive Reactance — 
High Value Capacitor 


What is the capacitive reactance of a 50 uF ca- 
pacitor connected to a 60 Hz supply? 


1 


Хс = 
сабтус 
qe oO O 
6.28 x 60 x .00005 
1 
ХС = "91884 
Xc = 53.08 О 


Example: Calculating Capacitive Reactance – 
Low Value Capacitor 


What is the capacitive reactance of a 10 UF ca- 
pacitor connected to a 60 Hz ‘supply? 


1 


Xc = 
ECC 
978 zc С EET 
6.28 x 60 x .00001 
1 
XC = 70038 
Xc = 263.16 О 
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Example: Calculating Capacitive Reactance – 
High Frequency 


What is the capacitive reactance of a 100 UF ca- 
pacitor connected to a 10,000 Hz supply? 
1 


Хе = 
с С 
M See 
6.28 x 10,000x .0001 
1 
XC = $28 
КОЛ ОО, 


Example: Calculating Capacitive Reactance – 
Low Frequency 


What is the capacitive reactance of a 100 UF ca- 
pacitor connected to a 1000 Hz supply? 
1 


ME = 


ory 
Yol EN —— - 
6.28 х 1000х .0001 
1 
XC = “G58 
Ae = I ©) 


Capacitive reactance, like inductive reactance is, 
in effect, AC resistance. For this reason, it may take 
the place of resistance when using Ohm’s law. This 
may be done if voltage and current measurements 
are taken on a circuit in which frequency is known 
(or measured). See Figure 17-18. 


CALCULATING CAPACITIVE REACTANCE 


TO 60 Hz AC 
POWER 
SUPPLY 


CAPACITOR 


Xc = 6000 а 
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To calculate capacitive reactance when voltage 
across the capacitor (Ec) and current through the ca- 
pacitor (Ic) are known, apply the formula: 

Ec 
- Ic 

where 

Xc = capacitive reactance (in Q) 

Ec = voltage across capacitor (in V) 

Ic = current through capacitor (in A) 


Example: Calculating Capacitive Reactance – 
Voltage and Current Known 


What is the capacitive reactance of a 120 VAC 
circuit with 20 mA of current flow? 


Ec 
Xc = Де 

120 
ACE 
Xc = 6000 Q 


Series Capacitive Reactance 


The capacitive reactance of a circuit containing ca- 
pacitors connected in series is found by determining 
the total capacitance of the circuit and then calcu- 
lating the capacitive reactance based on the total ca- 
pacitance. The total capacitance of two capacitors 
connected in series is determined by using the same 
formula used to calculate total resistance of two re- 
sistors connected in parallel. See Figure 17-19. 


Example: Calculating Capacitive Reactance – 
Two Capacitors Connected in Series 


What is the capacitive reactance of a 60 Hz circuit 
containing a 60 uF and a 90 uF capacitor connected 
in series? 


1. Calculate total capacitance of two capacitors con- 
nected in series. 


NCC 
^ €1*€2 


_ 60x 90 
~ 604 90 


5400 
150 


36 uF 


Ст 


Cr == 


СТ 


SERIES CAPACITIVE REACTANCE- 
TWO CAPACITORS 


TO 60 Hz AC 
POWER 
SUPPLY 


m C, x C; 

Ф ШЕЕ о 
р ПИ 

Ө! zs 


CALCULATE TOTAL CAPACITANCE OF TWO 
CAPACITORS CONNECTED IN SERIES 


o CALCULATE CAPACITIVE REACTANCE 
FROM TOTAL CAPACITANCE 


2. Calculate capacitive reactance based on circuit to- 
tal capacitance. 


1 


Хс = 

© ere 

1 
э отк _ 
6.28 x 60 x .000036 
1 

XC = "91356 
X22 93.75 0 


The capacitive reactance of three capacitors con- 
nected in series is determined by calculating the total 
capacitance of the three capacitors and using this 
value to determine capacitive reactance. The total ca- 
pacitance of three (or more) capacitors connected in 
series is determined by using the same formula used 
to calculate total resistance of three (or more) resis- 
tors connected in parallel. See Figure 17-20. 


Е lter capacitors are high-value capacitors used 


| d to filter pulsating DC voltages. They are used ` 


in most rectifier circuits and normally range 
from 1 UF to 5000 uF. 


SERIES CAPACITIVE REACTANCE- 
THREE CAPACITORS 


| C, - 200 pF 


C; = 200 LF 


| C 3=400ҢЕ 


TO 60 Hz AC 
POWER 
SUPPLY 


x 1 
O c-r 


NE 
Ө! ae 
Q CALCULATE TOTAL CAPACITANCE OF THREE 


CAPACITORS CONNECTED IN SERIES 


o CALCULATE CAPACITIVE REACTANCE 
FROM TOTAL CAPACITANCE 


Example: Calculating Capacitive Reactance — 
Three Capacitors Connected in Series 


What is the capacitive reactance of a 60 Hz circuit 
containing a 200 uF, 200 uF, and 400 uF capacitor 
connected in series. 


1. Calculate total capacitance of three capacitors 
connected in series. 


1 
juin mr d 
Сї O (G3 
1 
TETE? 
200 * 200 * 400 
-o 
T = 0054 .005+ .0025 
1 
Cr= л>» 
Cr = 80 uF 


2. Calculate capacitive reactance based on circuit to- 
tal capacitance. 
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хс = l 


РС 
1 
Xe = —————— 
6.28 x 60 x .00008 
1 
Ет 
Хс = 33.33 О 


Parallel Capacitive Reactance 


The capacitive reactance of capacitors connected 
in parallel is determined by calculating the total 
capacitance of the parallel-connected capacitors 
and using this value to calculate capacitive reac- 
tance. The total capacitance of a parallel circuit is 
determined by adding the value of the individual 
capacitors. See Figure 17-21. 


SERIES CAPACITIVE REACTANCE 


TO 60 Hz AC 
POWER 
SUPPLY 


© (-- С, an Co 43 C3 Grohe 
=i 
Of x= te 


(1; CALCULATE TOTAL CAPACITANCE OF 
CAPACITORS CONNECTED IN SERIES 


o CALCULATE CAPACITIVE REACTANCE 
FROM TOTAL CAPACITANCE 


Figure 17-21 | 


Example: Calculating Capacitive Reactance — 
Capacitors Connected in Parallel 


What is the total capacitive reactance of a 60 Hz 
circuit containing a 50 uF, 75 uF, and a 25 uF ca- 
pacitor connected in parallel? 
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1. Calculate total capacitance of capacitors con- 
nected in parallel. 


Cr= Ci + C2 Сз +... 
Cr = 50 + 75 + 25 
Cr = 150 uF 


2. Calculate capacitive reactance based on circuit to- 
tal capacitance. 


| 


Xc = 
аст 
| 
OE —— 
C = 628x 60 x .00015 
І 
ет 
Mee 177 O 
Impedance 


Inductors and capacitors are electrical energy-storing 
devices that are used in AC and DC applications such 
as timing circuits, surge protection, filtering circuits, 
fluorescent and HID lamp circuits, 1ф motors, motor 
control circuits, etc. Inductors are used to store a 
current charge and capacitors are used to store a volt- 
age charge. Inductors and capacitors, when used to- 
gether, each contribute to the circuit operation. For 
example, a capacitor and inductor may be used in a 
filter circuit to smooth a pulsating direct current. See 
Figure 17-22. 


In AC circuits, resistance, inductive reactance, and 
capacitive reactance all limit current flow. Most AC 
circuits contain all three oppositions to current flow. 
The exact behavior of current in an AC circuit de- 
pends on the amount of resistance, inductive reac- 
tance, and capacitive reactance. 


Impedance (Z) is the total opposition of any com- 
bination of resistance, inductive reactance, and ca- 
pacitive reactance offered to the flow of alternating 
current. Impedance, like inductive reactance and ca- 
pacitive reactance, is measured in ohms. See Figure 
17-23. 


In circuits containing only resistance, current and 
voltage are normally in-phase. The phase angle be- 
tween voltage and current is zero (or close to zero). 


In circuits containing resistance and inductive re- 
actance (RL), resistance and inductive reactance op- 
pose current flow. RL circuit impedance is the 
combined effect of the resistance and inductive re- 
actance. For this reason, current lags voltage by a 
phase angle between 0° and 90°. The more inductive 
reactance in the circuit, the greater the phase shift 
(closer to 90°). 


In circuits containing resistance and capacitive re- 
actance (RC), resistance and capacitive reactance op- 
pose current flow. RC circuit impedance is the 
combined effect of the resistance and capacitive re- 
actance. For this reason, current leads voltage by a 
phase angle between 0° and 90°. The more capacitive 
the circuit, the greater the phase shift (closer to 90°). 


RCL FILTER CIRCUITS 


FULL-WAVE 


BRIDGE RECTIFIER 


COIL 


TO 60 Hz AC 
POWER 
SUPPLY 


CAPACITOR 


RESISTIVE 
LOAD 


OUTPUT WITHOUT CAPACITANCE 
OR INDUCTANCE 


OUTPUT WITH CAPACITANCE 


OUTPUT WITH CAPACITANCE 
AND INDUCTANCE 


OUTPUT AT LOAD 
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IMPEDANCE 


270° 


MAXIMUM 
POSITIVE VALUE 


VOLTAGE ! VOLTAGE AND 
| | CURRENT IN-PHASE 


TIME AC 
SUPPLY 


RESISTIVE CIRCUIT 


! CURRENT 
LAGS VOLTAGE 
Mn 


AC CIRCUIT 
SUPPLY IMPEDANCE 


RL CIRCUIT 


CURRENT 
LEADS VOLTAGE 


CIRCUIT 
/ IMPEDANCE 


RC CIRCUIT 


! POSITIVE VALUE R 
| /-VOLTAGE AND 
i |! / CURRENT IN-PHASE AC CIRCUIT 
| | SUPPLY L IMPEDANCE 
TIME 
N | ur 


MAXIMUM 
NEGATIVE VALUE 


RCL CIRCUIT 


In circuits containing resistance, inductive reac- rent caused by inductance tends to cancel the leading 
tance, and capacitive reactance (RCL), resistance, in- current caused by capacitance because they are in 
ductive reactance, and capacitive reactance oppose direct opposition to each other. The total current flow 
current flow. RCL circuit impedance is the combined . in a circuit that includes resistance, inductive reac- 
effects of the resistance, inductive reactance, and ca- tance, and capacitive reactance is determined by the 


pacitive reactance. For this reason, the lagging cur- applied’ voltage and total circuit impedance. 


276 ELECTRICAL PRINCIPLES AND PRACTICES 


Impedance may be substituted for resistance in 
Ohm's law because impedance represents all of the 
opposition to current flow in a circuit. Ohm's law 
may be used to determine any one value when the 
other two are known. To determine impedance, cur- 
rent, or voltage, apply the formulas: 


E E 
lh = 1:5 7 (oy JE SAZ 
where 


Z = impedance (in Q) 
E = voltage (in V) 
I = current (in A) 


| 
Speakers are typical impedance loads. Speakers | 
have relatively low impedance (2 О to 8 Q) | 
throughout the audio frequency range. 


————————— À 
m [ 


Example: Calculating Impedance - Voltage and 
Current Known 


What is the impedance of a 120 VAC circuit that 
has 5 mA of current flow? 


E 
22.7 

120 
АЕ 
7 = 24,000 Q 


Example: Calculating Current – Voltage and 
Impedance Known 


What is the current in a 24 VAC circuit that has 
an impedance of 15,000 Q? 


E 
S 
ee 
15,000 
I = .0016 A 


Example: Calculating Voltage – Current and 
Impedance Known 


What is the voltage of an AC circuit that has an 
impedance of 30,000 О and 400 uA of current flow? 
E=I1xZ 


E = .0004 x 30,000 
EM 


Basic Circuits 


Electrical and electronic circuits are used to produce 
work. To produce work, electrical circuits must in- 
clude a component (load) that converts electrical en- 
ergy into some other usable form of energy (light, 
heat, sound, motion), a source of electricity (battery, 
generator, solarcell, etc.), and a method of controlling 
the flow of electricity (switch). In addition, a circuit 
must also include a protection device (fuse, circuit 
breaker, etc.) to ensure that the circuit operates safely 
and within its electrical limits. For example, a basic 
circuit includes a lamp, battery, switch, and fuse. See 
Figure 18-1. 


In this circuit, the lamp is the load that converts 
the electrical energy into light energy. The battery 
is a chemical source of electricity. The switch deter- 
mines when the electric current flows. The fuse limits 
the amount of current (amperes) that is allowed to 
flow in the circuit. 


The lamp could be replaced with a different load, 
such as a heating element, motor, or horn. The battery 
could be replaced with a generator and the fuse with 
a circuit breaker. Additional control devices could 
also be added to improve the circuit. For example, 
a rheostat (variable resistor) could be added in series 
with the switch. A rheostat is used to control the 
voltage applied to the lamp. The higher the voltage 
applied to the lamp, the greater the illumination. The 
lower the voltage applied to the lamp, the less the 
illumination. The voltage across the rheostat is re- 
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duced and the voltage across the lamp is increased 
when the rheostat resistance is decreased. The volt- 
age across the rheostat is increased and the voltage 
across the lamp is decreased when the rheostat re- 
sistance is increased. See Figure 18-2. 


BASIC ELECTRICAL CIRCUITS 


SWITCH 
CONTROLS 
FLOW OF 
ELECTRICITY 


FUSE OR 
CIRCUIT BREAKER 
PROTECTS CIRCUIT 


ELECTRICITY SOURCE 
PROVIDES POWER 


LOAD CONVERTS ELECTRICAL 
ENERGY INTO LIGHT, HEAT, 


SOUND, OR MOTION 
PICTORIAL DRAWING 


FUSE 
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RHEOSTAT VOLTAGE CONTROL 


RHEOSTAT 


LOW RESISTANCE 
SETTING 


LAMP 
(FIXED RESISTANCE) 


BATTERY 


LAMP DIM 


RHEOSTAT - 


B UE WI 


BATTERY 


LAMP BRIGHT 


The power source must be able to deliver enough 
power to operate the load(s). The power source must 
be able to deliver increased power if the number of 
loads is increased or if the power requirements of 
the load(s) are increased (high wattage lamp). In any 
circuit, the switch(es) and connecting wire must be 
rated high enough to safely carry the increased power. 
The switches and wire must be rated to carry the cir- 
cuit's increased current because increased power in 
a fixed voltage circuit produces higher current. To 
protect the circuit (wire, load, switch, and power 
source), the fuse must be rated at a current level be- 
low the level that causes equipment damage. In gen- 
eral, a fuse is sized for a current value approximately 
125% higher than the load's rated current value. The 


L 
(FIXED RESISTANCE) 


rating of the wire and switch must be higher than 
the rating of the fuse. See Figure 18-3. 


Complex Circuits 


All electrical circuits begin as basic circuits. In a basic 
electrical circuit, electricity is produced, protected, con- 
trolled, and used to produce work. Basic circuits are im- 
proved by adding additional protection (ground fault 
detection, etc.), monitoring of circuit parameters (volt- 
age, current, power, temperature, etc.), improved con- 
trol of loads (dimming of lamps, control of motor 
speed, etc.), and interconnecting basic circuits into 
systems. A system is a combination of components 
interconnected to perform work or meet a specific need. 


CIRCUIT COMPONENT RATINGS 


FUSE (OR CIRCUIT BREAKER) MUST 
BE RATED SO IT OPENS CIRCUIT 
BEFORE CURRENT LIMIT IS REACHED 


SWITCH AND WIRE MUST 
BE RATED HIGH ENOUGH 
TO CARRY CIRCUIT CURRENT 


12 V RATED 
LOAD 


POWER SOURCE MUST DELIVER 
ENOUGH CURRENT AT LOAD'S RATED 
VOLTAGE TO PRODUCE REQUIRED POWER 


AS POWER REQUIREMENTS 
INCREASE, CIRCUIT 
CURRENT INCREASES 


CIRCUIT POWER 


CIRCUIT CURRENT 


A network is a system of computers, terminals, 
and databases connected by communication lines. In 
a network, inputs such as temperature switches, limit 
switches, smoke detectors, pushbuttons, etc., and out- 
puts such as motors, lamps, solenoids, alarms, etc., 
are interconnected to computers (PCs), programma- 
ble controllers (PLCs), and other electronic control 
and monitoring devices. Computers allow the gath- 
ering, monitoring, controlling, and displaying of sys- 
tem data. Computers are interconnected through 
communication lines to form different types and lev- 
els of networks. See Figure 18-4. 


On a plant floor, inputs and outputs are connected 
to an input/output network. An input/output network 
is a network that allows analog and digital inputs to 
send information in the system. An analog input is 
an input that sends a continuously changing variable 
into the system. Temperature, pressure, flow, and 
level are common analog inputs. ON/OFF switches 
such as pushbuttons, limit switches, toggle switches, 
etc. are common digital inputs. A digital input is an 
input that is either ON or OFF. An output is a device 
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that is used to produce work, light, heat, sound, or 
display information. Outputs use the majority of elec- 
trical power in a system because they include lamps, 
motors, and heating elements. The input/output network 
includes computers and/or PLCs to control the flow 
of input data and send control signals to the outputs. 


A production control network is a network used 
to provide increased control of an input/output net- 
work. Production control networks use computers to 
link numerous machines, work cells, processes, and 
production lines. Inputs and outputs from different 
points in the input/output network are monitored. The 
production control network is used to control process, 
time, units produced, measure variables, display in- 
formation, check quality, and other production man- 
agement functions. 


The production control network is connected to 
the plant information network. A plant information 
network is a network that allows information to flow 
up from the plant floor and down from engineering, 
planning and scheduling, quality control, manage- 
ment, and outside sources. The computers, servers, 
and mainframes of the plant information network 
help maintain inventories, control cash flow, monitor 
fire and security systems, generate reports, store/re- 
trieve information, assign workforce, order parts, 
schedule training, etc. 


A properly designed, installed, maintained, and 
operated system or network can increase production, 
ensure quality, increase flexibility, and produce docu- 
mentation. As complexity is increased, additional 
problems and potential faults may occur. The more 
complex the circuit, the higher the required level of 
maintenance and operation. 


Load Power Requirements 


A load is an electric device that converts electrical 
energy into other forms of energy. See Figure 18-5. 
Properly operating loads can last for many years. The 
problem is normally easy to identify when a load 
fails to operate. For example, it is easy to see that 
a lamp is out, no heat is being produced, water is 
not being pumped, there is no sound, etc. 


A load is normally the starting point of most cir- 
cuit design functions because the load produces the 
work required from an electrical circuit. The type 
and size of load used depends on the application, 
Application considerations include available power 
sources, operating conditions, short and long term 
requirements, and expected results. 
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* GENERATE REPORTS 

* STORE/RETRIEVE 
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* MAINTAIN INVENTORIES 
* CONTROL CASH FLOW 
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COMPUTERS AND 
SERVERS 


* MONITOR INPUTS/OUTPUTS 

* CONTROL PROCESS, TIME, 
UNITS PRODUCED, SPEED 

e MEASURE VARIABLES 

* DISPLAY INFORMATION 

* CHECK QUALITY 


PRODUCTION 
OPERATIONS 


OPERATOR 
WORKSTATION 


INPUT/OUTPUT NETWORK 


INCLUDES COMPUTERS 
= 


AND PLCs TO CONTROL 
FLOW OF DATA 
о 
ANALOG DIGITAL NS 
INPUTS INPUTS INPUTS 


PRODUCTION 
PROCESS 


о 

* INFORMATION (POSITION, “> 
LEVEL, TEMPERATURE, 

COUNTS, TIME, ETC.) eg 

SENT TO NETWORK o 


* COMMANDS (TURN ON, TURN OFF, 
OPEN, CLOSE, HEAT, ETC.) 
SENT TO OUTPUTS 


AUDIBLE OUTPUTS 
(TRANSMITTERS, 
STEREOS, 

BELLS, ETC.) 


SOLENOIDS 
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-FLUORESCENT 


ELECTRICAL 


OTHER 
(MEDICAL, ETC.) NG 10% 


VISUAL OUTPUTS 
(TVs, MONITORS, ETC.) 


DATA PROCESSING AND 
STORAGE COMPUTERS 


ESTIMATED POWER 
CONSUMPTION BASED ON 
ELECTRICAL DEVICE 


30 
126 HP- 500 HP 


30 
21 HP —125 ШР? 


30 
wu 500+ HP 


36 
1 HP -20 HP 


FRACTIONAL HP 


ESTIMATED POWER CONSUMPTION 
BASED ON SIZE 


The power rating of a load must be high enough to 
meet the requirements of the application. For example, 
lamps must produce enough light, heating elements 
must produce enough heat, alarms must be loud enough, 
and motors must produce enough torque. 


АП factors that may exist in a given application 
must be considered when determining the total power 
output of a load. For example, lamp output is rated 
in initial lumens and mean lumens. An initial lumen 
is the amount of light produced when a lamp is new. 


HEAT (HEATERS, 
WELDERS, ETC.) 


, m 


ESTIMATED POWER CONSUMPTION 
BASED ON LAMP TYPE 


MOTION 


o 


A mean lumen is the average light produced after a 
lamp has operated for approximately 4046 of its rated 
life. A standard 40 W fluorescent lamp has a mean 
lumen rating of about 9% less than its initial lumen 
rating. This indicates that a school classroom or of- 
fice will have approximately 9% less light after the 
lamps have reached 40% of their rated life. 


Heating elements produce less available heat as 
the heater coils become corroded with calcium. This 
is why coffeemakers should be cleaned with vinegar 


282 ELECTRICAL PRINCIPLES AND PRACTICES 


to remove calcium buildup. The power requirements 
of a load are normally increased to meet the worst 
case conditions that may occur over the expected life 
of the load. 


The amount of power and type of load must be 
considered when determining a load's power rating. 
The load is considered because power consumption 
varies from load type to type. For example, a fluo- 
rescent lamp produces more light per watt than an 
incandescent lamp of the same wattage rating. Light 
output may be increased by using a different load 
type (fluorescent instead of incandescent) without in- 
creasing total power required. For any given load 
(lamp, motor, heater, etc.) of the same type, as the 
power rating of the load is increased, so is the amount 
of work delivered. 


Power Source Requirements 


The source of power must match the load require- 
ments. The ratings of all loads are based on a given 
applied voltage. The applied voltage includes size 
(amount of voltage), type (AC, DC, or AC/DC), and 
phase (10 or 36). Any change in the power source 
voltage affects the load's operation. The extent of 
the effect depends on the load. For example, reducing 
the voltage applied to a heating element or incan- 
descent lamp by 5046 reduces the output of the load 
but does not damage it. See Figure 18-6. 


Resistive heating elements are used in many heat- 
ing applications. Heating elements are rated for a 
given voltage level. The voltage applied to the heat- 
ing element may vary because the heating element 
is basically a resistor used to dissipate heat. 


HEATING ELEMENT VOLTAGE VARIATION 


m———————À——M—ÓM Ó——————————!ÀÁOÓÁos m — — 


| | APPLIED VOLTAGE | LOAD'S OUTPUT POWER (in W) 


Applied 
Voltage** 


Varying the voltage below the rated voltage of the 
heating element reduces the heating element output. 
Reducing the voltage to a resistive heating element 
control circuit can vary the output of the heating 
element. The voltage may be reduced anywhere 
from 0 V to the heater's rated voltage. Increasing 
the voltage applied to a resistive heating element 
increases the heating element's output. The voltage 
must not be increased more than 2596 above the 
heater's rated voltage. 


Motor voltage cannot vary over a wide range. Re- 
ducing the voltage applied to a motor by 50% can 
damage the motor. Some loads may have less-than- 
rated voltage applied to them with no damage while 
other loads cannot tolerate much of a voltage reduc- 
tion. The torque output of a motor is reduced when 
the voltage to a motor is reduced. No work is done 
and the motor overheats if the torque output of the 
motor is reduced to the point at which the motor 
shaft cannot turn the load. See Figure 18-7. 


An AC motor should generally operate within 
+10% of its voltage rating. To ensure long motor life, 


~- VOLTAGE VARIATION AT POWER 
SOURCE AFFECTS MOTOR OPERATION 


Performance 
Characteristics 


Voltage 10% Below Rated Voltage 
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an AC motor should operate within —10% and +5% 
of its voltage rating. The voltage to a DC motor may 
be reduced without damage to the motor. Reducing 
the voltage to a DC motor varies the speed of the 
motor and reduces the torque of the motor. The motor 
overheats if the torque is reduced to the point at 
which the motor shaft cannot turn the load. 


The voltage requirements of lamps vary depending 
on the type of lamp used. The output power and 
amount of light is reduced when the voltage to a 
lamp is reduced. Reducing the voltage to an incan- 
descent lamp reduces the brightness of the lamp. Re- 
ducing the voltage also increases the lamp's operating 
life. The applied voltage must not exceed 10% more 
than the lamp's rated voltage. See Figure 18-8. 
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Reducing the voltage to a motor reduces the 
motor’s output and damages the moter when 
the motor can no longer produce enough il 
power to keep rotating. 


Performance 10% Above 10% Below 
Characteristics| Rated Voltage | Rated Voltage 


Speed +1% -1.5% 
Motor torque +20% to +25% -20% to -25% 


Starting current | +10% to +12% -10% to -12% 
SER "m 
Motor efficiency Little change Little change 


+6°С to) +7°C 


Voltage 10% Above Rated Voltage 


Starting torque 


Field temperature Increases 


Armature temperature Increases 


Decreases 


Increases 


Increases 


Decreases 


Commutator temperature Increases 


Increases Decreases 
Increases Decreases 


Decreases 
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PERCENTAGE OF RATED VOLTS 


Although the voltage applied to incandescent 
lamps may be reduced to any value between 0 V and 
the lamp's rated voltage, fluorescent and HID lamps 
must generally operate within +10% of their voltage 
ratings. Manufacturers list the voltage rating and 
range of each lamp type and size. For example, a 
100 W metal-halide HID lamp is rated to operate 
within +5% of its rated voltage. A 175 W metal-hal- 
ide lamp is rated to operate within 10% of its rated 
voltage. See Figure 18-9. 


Heating elements, motors, and lamps make up a 
large part of the typical loads in use. Additional loads 
include alarms, solenoids, appliances, electric tools, 
computers, printers, etc. Most loads generally operate 
properly when connected to a power source that is 
within +10% of their rated voltage. See Figure 18-10. 


High and Low Voltages 


The voltage in a circuit may be consistently, tempo- 
rarily, cr momentarily too high or too low. Voltage 
may be consistently too high if a circuit is near the 
beginning of a power distribution system. Voltage 
may be consistently too low if a circuit is near the 
end of a power distribution system. 


Voltage may be temporarily too high in the office 
area of a plant when the production lines are shut 
down. Voltage may be temporarily too low during 
certain parts of the day or during a brown-out. А 
brown-out is the deliberate reduction of the voltage 
level by a power company to conserve power during 
peak usage times. 


Voltage may be momentarily too high or too low 
at any time. А voltage surge is a higher-than-normal 
voltage that temporarily exists on one or more 
power line. Voltage surges are normally caused by 
the switching OFF of heavy electric loads. A volt- 
age dip is a momentary low voltage. Voltage dips 
are normally caused by the switching ON of heavy 
electric loads. 


A voltage dip is often followed by a voltage surge 
as voltage regulators overadjust for the voltage dip. 
Voltage variance is the difference in voltage between 
a voltage surge and a voltage dip. The voltage surge 
following a voltage dip increases the voltage vari- 
ance. See Figure 18-11. 


A recording meter or multimeter with a min/max 
mode is used to measure voltage surges and voltage 
dips. Input voltage is measured over a 24-hour period 
when a problem recurs in a piece of equipment. A 
voltage stabilizer should be added when the voltage 
fluctuates more than +8%. 


The response time of a meter is the length of ‘| 
time an input must stay at a new value to re- | 
cord a change. A 100 mS meter rated response 
time works well for recording power supply 
surges, dips, and inrush currents. 


Voltage Stabilizers 


Most electronic devices are designed to operate at a 
constant voltage level. A voltage stabilizer is required 
for any application containing an electronic circuit 
that requires a constant voltage level. A voltage sta- 
bilizer (regulator) is a device that provides precise 
voltage regulation to protect equipment from voltage 
dips and voltage surges. See Figure 18-12. 
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126 – 120-114 
218 — 208 - 198 


229 — 208 – 187 
264 — 240 – 216 
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Operational 


Current Watts Voltage 


Most voltage stabilizers hold the output voltage 
within +1%. A voltage stabilizer is placed between 
the incoming power and the load requiring protection 
when the input voltage varies to 15%. A voltage 
stabilizer prevents such problems as loss of memory, 
incorrect data output, and shutdowns. Voltage stabi- 
lizers should be used on computers, local area net- 
works, programmable controllers, X-ray and other 
medical equipment, radar and sonar equipment, in- 
dustrial robots, numerical control (NC) machines, air 
traffic control equipment, photographic equipment, 
induction heaters, electronic cash registers and bank- 


ing equipment, electronic security systems, and com- 
munication equipment. 


Transient Voltages 


Most power received from a utility company is 
changed by the addition of transient voltages on the 
power lines. A transient voltage is a temporary, un- 
wanted voltage in an electrical circuit. Transient volt- 
ages occur due to lightning strikes, unfiltered 
electrical equipment, and electricity being switched 
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ON and OFF. Transient voltages may range in value 
from a few volts to several thousand volts and may 
occur at any phase angle on the AC sine wave. Transient 
voltages on a 120 V power line may reach 5000 V 
or more. 


GENERAL LOAD ACCEPTABLE AC 
VOLTAGE RANGES" 


*in V 
** 60 Hz power 


Transient voltages differ from voltage surges and 
voltage dips in that transient voltages are normally 
much larger in magnitude and are very erratic. Light- 
ning is the most common source of transient voltages 
on outdoor power distribution systems. Lightning in- 
duces a surge that travels in two directions from the 
point of origin. In most cases, the transient voltage 
is dissipated by the utility company's grounding sys- 
tems after it has traveled 10 to 20 utility poles (or 
grounding points). Damage is unlikely if equipment 
is located farther than 20 utility poles from the light- 
ning strike. Unprotected equipment may be severely 
damaged if the lightning strike is close to equipment 
in use. 


Transient voltages caused by lightning strikes 
must be considered in all electrical applications be- 
cause lightning can strike at almost any place. Low- 
level transient voltages are produced on indoor power 
lines when most loads are switched OFF. Transient 
voltages may be continuously produced when using 
lọ switched mode power supplies, fluorescent light- 
ing using electronic ballasts, variable-speed motor 
drives, soft-start motor drives, electronically-control- 
led welding equipment, and motors that include 
brushes (DC and universal). 


VOLTAGE PROBLEMS 


TURNING ON A LARGE 
MOTOR IN ONE CIRCUIT 


CAN CAUSE A VOLTAGE DIP 


VOLTAGE 


VOLTAGE 


VOLTAGE 


IN ANOTHER CIRCUIT 


NORMAL 
VOLTAGE 


VOLTAGE SURGE 


NORMAL 
VOLTAGE 


VOLTAGE DIP 


NORMAL VOLTAGE 

VOLTAGE VARIANCE 
Mea VOLTAGE 
p SURGE 


prevent damage from spikes and noise prob- 
lems and fax/modem surge suppressors are 
used to prevent problems on data networks. 
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Power supply surge suppressors are used to | 
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VOLTAGE STABILIZERS 


VOLTAGE FROM 7 
POWER COMPANY 


VOLTAGE 


ERRATIC VOLTAGE INPUT 


NORMAL VOLTAGE 


VOLTAGE 
STABILIZER 


VOLTAGE TO COMPUTERS AND 
OTHER ELECTRONIC EQUIPMENT 


NORMAL VOLTAGE OUTPUT 


VOLTAGE STABILIZER CONNECTED 


BETWEEN INCOMING SUPPLY VOLTAGE 
AND EQUIPMENT REQUIRING PROTECTION 


EQUIPMENT 
REQUIRING 
PROTECTION 


Transient voltages include voltage spikes and elec- 
trical noise, or both. A voltage spike is an increase 
in voltage (normally several thousand volts) that lasts 
for a very short time (microseconds to milliseconds). 
Voltage spikes are shown as sharp peaks on the AC 
sine wave. Electrical noise is any unwanted distur- 
bance that interferes with a signal. Electrical noise 
distorts the normally pure AC sine wave. Electrical 
noise is shown as jagged lines on the AC sine wave. 
An oscilloscope or scopemeter may be used to detect 
voltage spikes and electrical noise. See Figure 18-13. 


Electrical noise is produced on power lines from 
two different points. Common noise is noise produced 
between the ground and hot or the ground and neutral 
lines. Transverse noise is noise produced between the 
hot and neutral lines. In most electrical systems, com- 
mon noise occurs more frequently than transverse 
noise. See Figure 18-14. 


Common noise is caused by arcing at motor 
brushes, ground faults, poor grounds, radio transmit- 
ters, ignition systems, and the opening of electrical 
contacts. The opening of electrical contacts generates 


INCOMING 
SUPPLY 
VOLTAGE 


VOLTAGE 
STABILIZER 


noise because an arc is produced across the contacts 
as they are pulled apart. The higher the current in 
the circuit being opened, the larger and longer the 
arc. Transverse noise is caused by welders, switched 
power supplies, and the firing of silicon controlled 
rectifiers (SCRs) in electrical equipment. 


Voltage Spike and Electric Noise Protection 


Computers, electronic circuits, and specialized equip- 

ment require protection against voltage spikes and 

electrical noise. Protection against voltage spikes and 
electrical noise includes: 

e Proper wiring, grounding, and shielding of the 
power lines. Proper wiring, grounding, and shield- 
ing includes the use of a proper grounding system 
(See NEC? 250) and ensures the proper use of the 
ground and neutral conductors. The neutral con- 
ductor should always carry the normal load current. 
The ground conductor should only carry fault cur- 
rent. The ground conductor should never carry the 
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normal current drawn by a load. The amount of 
current carried on the hot, neutral, and ground con- 
ductors is measured with a clamp-on ammeter. The 
current measured on the neutral conductor should 
equal the current measured on the hot conductor 
under normal operating conditions. The current 
measured on the ground conductor should always 
equal zero under normal operating conditions. 


Proper sizing of neutral and ground conductors. 


Ensuring that all wire connections are tight. Loose 
connections cause noise and arcing, which may 
damage computer and other electronic circuits. 


Proper selection and application of surge suppres- 
sors and noise suppressors. А surge suppressor is 
a protection device that limits voltage surges which 
may be present on power lines. Surge suppressors 
limit voltage surges by discharging or bypassing 
the damaging voltage. Surge suppressors may be 
installed separately or may be included with a noise 
suppressor. See Figure 18-15. 
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Figure 18-13 
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! FA tion of people and equipment and helps reduce i 


the effects of line surges and lighting strikes. " 
Grounding requirements are covered in NEC® || 
Article 250. i 
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Power Sources 


АП electrical and electronic circuits require a power 
source. The type and level of power required depends 
on the size and power consumption requirements of 
the load and circuit. Very small circuits, such as an 
electric wrist watch, require very little power. In an 
electric watch, one low-voltage battery (1.5 V) pro- 
vides enough power to operate the electrical system 
for a year or more. 
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SURGE AND NOISE SUPPRESSORS 


INCOMING POWER 


VOLTAGE 


VOLTAGE WITH TRANSIENTS 


EQUIPMENT 
REQUIRING 
PROTECTION 


A large circuit, such as an electric railway train, 
requires a large power supply. The power supply re- 
quired to operate the train must deliver thousands of 
kilowatts of power. An electric railway train receives 
power through an overhead wire (catenary), from a 
electrified third rail, or by a engine (normally diesel) 
that drives a generator which produces the required 
electric current. 


Electricity may be alternating current (AC) or di- 
rect current (DC). AC may be single phase (16) or 
three phase (3). AC is produced by AC generators. 
DC is produced by batteries, solarcells, thermocou- 
ples, DC generators, or rectification of AC. Rectifi- 
cation is the process of changing AC into DC. See 
Figure 18-16. 


AII DC power sources have a definite positive and 
a negative side. DC is used in applications that re- 
quire a portable power supply (flashlights, power 
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tools, automobiles, etc.) and in applications using 
electronic circuits. In most applications using elec- 
tronic circuits, DC is supplied from a rectified AC 
supply. Appliances with electronic circuits, such as 
computers, VCRs, TVs, etc. operate on rectified AC. 


AC is produced by an AC generator (alternator). 
AC does not have a definite positive and negative 
side because the current reverses its direction of flow 
twice per cycle. Most AC power comes from power 
companies that generate and distribute AC power pro- 
duced by converting coal, oil, natural gas, nuclear 
energy, or hydroelectric power into electricity. 


AC is the most common form of electricity. AC 
is used in any application in which DC is not re- 
quired. AC is used exclusively in power distribution 
systems because it can be connected to a transformer. 
The transformer changes the voltage level by step- 
ping up or stepping down the voltage. 
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POWER SOURCES 
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Generated voltage is stepped up to allow large 
amounts of power to be transmitted over small wires. 
Voltage for use is stepped down to provide low and 
safe voltage levels. AC voltage usages include light- 
ing, heating, and most motor applications. 


AC and DC systems have voltage levels that range 
from a few millivolts (mV) or less to thousands of 
volts (KV). AC and DC systems have current levels 
that range from a few milliamperes (mA) or less to 
thousands of amperes (КА). The amount of power in 
a system is calculated by multiplying voltage and 
current. Most electrical loads have a power rating 
(100 W lamp, 1200 W heater, 5 HP motor, 25 W 
speaker, etc.). See Figure 18-17. 


АП electrical circuits must have a source of power. 
The power source may be chemical (battery), mag- 
netic (generator), heat (thermocouple), or solar (pho- 
tovoltaic cell). The source of power used depends on 
the application and the amount of power required. 
For example, a portable calculator requires little 
power, thus the electrical circuits can be powered 
from a solarcell. Batteries are used in a golf cart 
because a golf cart requires more power than can be 
easily delivered by solarcells. Batteries meet the 
power requirements and the application needs (port- 
able power source). Generators are used to produce 
power for common loads used in residential, com- 
mercial, and industrial applications because these ap- 
plications require more power than solarcells or 
batteries can produce. 


Applications such as flashlights, portable electric 
tools, electric toys, remote control devices (for TVs, 
VCRs, garage door openers, etc.), portable commu- 
nication equipment, and entertainment equipment (ra- 
dios, telephones, etc.) require low-voltage DC power 
sources. These devices normally use 1.5 V to 9 V 
DC power sources. The power source can be supplied 
by one battery (size AAA, AA, A, B, C, D, or spe- 
cial), or any combination of series and/or parallel- 
connected batteries. See Figure 18-18. 


Applications such as golf carts and electric cars 
require high-voltage DC power sources. These de- 
vices normally use 6 V to 36 V DC power sources. 
Six volt or 12 V batteries are normally connected in 
series and/or parallel connections to produce the re- 
quired power. Batteries are connected in series to in- 
crease the total voltage. Batteries are connected in 
parallel to increase the total current. 
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Applications that do not require a portable power 
source, such as fixed lamps, motors, heating ele- 
ments, etc., normally use an AC voltage source. AC 
supplied loads are the most common loads used in 
residential, commercial, and industrial applications. 


LOAD POWER RATINGS 


Central air conditioner 
(Residential) 


4000 — 8000 


| 


700 — 1500 
1500 — 2500 
290 — 600 
400 — 600 
200 — 400 
900 

500 — 1000 
500 — 1000 


Microwave oven 500 — 900 


Portable space heater 900 — 1500 
750 — 1200 
900 — 1500 
300 - 600 


Window air conditioner 


Dishwasher 


Refrigerator 


Freezer 


Television 


Waffle iron 


Coffeemaker 


Router 


Chemical Power Sources 


A battery produces electricity through the chemical 
reaction between battery plates and acid. Common 
battery ratings are 1.5 V, 6 V, 9 V, 12 V, 24 V, and 
36 V. Batteries are a common source of electricity, 
especially in portable equipment. 
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LOW-VOLTAGE DC LOAD POWER SOURCES 
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A battery delivers power for only a fixed amount 
of operating time. Once the battery power is used, the 
battery must be replaced (or recharged). Operating time 
of a battery depends on the load. The more power 
the load requires, the less operating time. The less 
power the load requires, the greater the operating time. 
Thus, a 20 W bulb drains a battery faster than a 10 W 
bulb. Battery capacity is rated in ampere-hours (Ah). 
For example, a battery that is rated for 20 Ah can 


POWER = 24 V, 50 A, 1200 W 


POWER = 12 V, 100 A, 1200 W 
(USED IN TRUCKS) 


POWER = 12 V, 50 A, 600 W 
(USED IN AUTOMOBILES) 


HIGH POWER 


supply 1 A for 20 hr, 2 A for 10 hr, 10 A for 2 hr, 
or 20 A for 1 hr, etc. See Figure 18-19. 


Rechargeable batteries are normally used in ap- 
plications that require large amounts of power. Only 
rechargeable batteries may be recharged. The most 
common rechargeable batteries are nickel-cadmium 
and lead-acid batteries. Nickel-cadmium batteries are 
used in electric toys, portable shavers, tools, and tele- 
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phones. Lead-acid batteries are used for high-power ; 
applications, such as automobiles, golf carts, fork- GENERATOR (ALTERNATOR) 
lifts, etc. ELECTRICITY PRODUCTION 
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A generator (alternator) produces electricity when 
magnetic lines of force are cut by a rotating wire 


coil (rotor). The magnetic lines of force are produced ALTERNATOR OUTPUT TO 
; : : CONNECTED TO TRANSFORMER 
by the magnetic field that is present between the FOR POWER DISTRIBUTION ALTERNATOR 


north and south poles of a permanent magnet or 
electromagnet. An electromagnet can produce a 
stronger magnetic field than a permanent magnet. 


See Figure 18-20. ALTERNATOR OUTPUT - “УУМ — 
CONNECTED TO 
RECTIFIER CIRCUIT TO SIDES 


As the rotor moves through the magnetic field, D PEU TODO 


electric current flows through the wire coil(s) of the 
rotor. The voltage produced by a generator depends 
on the strength of the magnetic field and the speed DC 

В : SUPPLY 
of rotation of the rotor. The stronger the magnetic 
field and the faster the rotation, the higher the voltage 
produced. 
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Generator output ranges from a few volts to sev- 
eral thousand volts. All generators must be rotated 
by some force, such as steam or water. Generators 
are the most common method used to produce elec- 
tricity. The output of a generator may be connected 
directly to the load(s), connected to transformers, or 
connected to a rectifier circuit. In small generator 
applications, such as portable generators used by 
emergency crews, the output of the generator is nor- 
mally connected directly to the load(s), which include 
lamps, pumps, etc. 


In large generator applications, the generator out- 
put is connected to transformers. The transformers 
normally step the voltage up so power can be trans- 
mitted at a low current level. As the voltage is in- 
creased, the current is reduced for any fixed amount 
of power. The reduced current allows smaller con- 
ductors, etc. to be used to carry the electricity. Step- 
down transformers step down the voltage to the 
required level for use by the loads. 


In many applications, the generator output is sent 
to a rectifier circuit so the generated AC may be 
changed to DC. An automobile is a common appli- 
cation of using an AC generator to deliver DC. An 
automobile engine is used to drive a generator (al- 
ternator). The alternator's output is sent to a rectifier 
circuit that changes the generated AC into DC. The 
DC is used to supply the voltage to all the loads in 
the automobile and to recharge the battery. See Fig- 
ure 18-21. 


Heat Power Sources 


Most applications require a power source that can 
deliver more than a few millivolts. Some applications 
require a small voltage source. А thermocouple may 
be used if the temperature of a solid, gas, or liquid 
is to be measured. 
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A thermocouple is a device that produces electric- 
ity when two different metals (such as iron and con- 
stantan) that are joined together are heated. The 
amount of voltage produced depends on the tempera- 
ture. The higher the temperature, the higher the volt- 
age produced. The amount of electricity produced is 
small, normally about 1 mV to 50 mV. Thermocou- 
ples are normally used for measuring temperature. 
The voltage produced by a thermocouple is used to 
give a temperature measurement when the thermo- 
couple is connected to a temperature meter. The 
amount of voltage produced by a thermocouple de- 
pends on the type of thermocouple used and the tem- 
perature at the thermocouple. Manufacturer's 
specifications list the voltage produced by various 
thermocouples. See Figure 18-22. 
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Thermocouples may be used in applications other 
than temperature measurement. For example, a ther- 
mocouple heated by a gas pilot light produces a volt- 
age that allows a gas valve to open and let gas 
through to the main burners of a furnace. An extin- 
guished pilot light provides no heat to the thermo- 
couple. This prevents the thermocouple from 
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generating electrical energy, which closes the elec- 
trically-operated gas valve to prevent an explosion. 
See Figure 18-23. 
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Solar Power Sources 


Electricity can be produced by natural light (sun) and 
artificial light (lamps). A photovoltaic cell (solarcell) 
is a device that converts solar energy to electrical 
energy. 


Solarcells commonly produce about 1 V, but can 
be connected to deliver high voltage and current out- 
puts. Connecting solarcells in series increases the 
total voltage. Connecting solarcells in parallel in- 
creases the total current. Increasing either voltage 
and/or current increases available power. See Fig- 
ure 18-24. 


Solarcells are used as a power source for calcu- 
lators, photographic equipment, and satellite commu- 
nication systems. Solarcells can also be used to 
recharge batteries. The battery can be used to deliver 
more power than may be available at times (no or 
low light level) from the solarcells alone. 
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SOLARCELL CONNECTIONS - 


Ет= Е + Е, 


Ет = Еу = Ез 
Рт = Ёт х 11 


Figure 18-24 


Control Requirements 


АП electric loads must be controlled. Control circuits 
used to control loads vary from simple to complex. 
An ON/OFF switch may be used for simple control 
of low-power loads. Computers and networks may 
be used for complex control applications. The appli- 
cation parameters, load size, cost limits, and envi- 
ronment in which the load is to be operated 
determines the type of control circuit used. 


A control switch can be used to directly turn a 
load ON and OFF when a low-power load is used. 
A low-power load is a load in which the voltage and 
current rating of the load is less than the voltage and 
current rating of the switch. Low-power control cir- 
cuits that directly control loads are used in most resi- 
dential lighting circuits, low-power power tools, 
low-power appliances, electric toys, doorbell circuits, 
etc. See Figure 18-25. 


In this circuit, the control switch may be any 
switch that is designed to control the load used. For 
example, a mechanical switch can control either an 
AC or DC load. A solid-state triac can control an 
AC load. A solid-state transistor or SCR can control 
a DC load. Solid-state switches last longer than me- 
chanical switches. 
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Figure 18-25 
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For example, solid-state switching circuits in 
automobile ignition systems last 20 or more times 
longer (more miles) than mechanical switches 
(points). Solid-state switches are also able to con- 
trol the voltage to the load. Voltage control is used 
in circuits that control lamp brightness or the 
amount of heat output. 

An interface is required when a high-power load 
is used. A high-power load is a load whose voltage 
and current rating is greater than the voltage and cur- 
rent rating of the switch. An interface is a device 
that allows different levels or types of components 
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to be used together in the same circuit. An interface 
is used to allow a control switch to control a high- 
power load. Interfaces include relays, contactors, and 
motor starters. See Figure 18-26. 


The control switch is connected to the input of 
the interface and the load is connected to the output 
of the interface. In a relay, contactor, and motor 
starter, the coil is the interface input and the contacts 
are the output. Relays have low-power rated contacts 
and are used for switching low-power loads, such as 
alarms, small solenoids, and very small (mW) motors. 
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Contactors have high-power rated contacts and are 
used for switching high-power loads, such as lamps 
(fluorescent and HID), heating elements, transformers, 
and small motors (less than 1⁄4 HP) that have built-in 
overload protection. Motor starters are used for switch- 
ing most motors over 1⁄4 HP and all motors over 1 HP. 
Contactors and motor starters are available in sizes 
that can switch loads ranging from a few amperes to 
several thousand amperes. 


Properly-applied interfaces allow the smallest con- 
trol signals to control the highest power loads. For 
example, a low-power rated temperature switch 
(thermostat) may be used to control a relay coil. The 
relay contacts may be used to control a motor starter 
coil and/or contactor coil. The motor starter coil may 
be used to control a high-power motor. The contactor 
coil may be used to control a high-power heating 
element. See Figure 18-27. 
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Control Relay Interfaces 


A relay is a device that controls one electrical circuit 
by opening and closing contacts in another circuit. 
Relays may be electromechanical or solid state. An 
electromechanical relay is a switching device that 
has sets of contacts which are closed by a magnetic 
force. In an electromechanical relay circuit, a coil 
opens and closes contacts by a magnetic force that 
is developed each time the coil is energized. Relay 
contacts are described by their number of poles, 
throws, and breaks. See Figure 18-28. 


A break is a place on a contact that opens or closes 
an electrical circuit. A single-break (SB) contact 
breaks an electrical circuit in one place. A double- 
break (DB) contact breaks the electrical circuit in 
two places. All contacts are single-break or double- 
break. Single-break contacts are normally used when 
switching low-power devices such as horns and 
lights. Double-break contacts are used when switch- 
ing high-power devices such as solenoids. 


А pole is a completely isolated circuit that a relay 
can switch. A single-pole contact can carry current 
through only one circuit at a time. A double-pole 
contact can carry current through two circuits simul- 
taneously. In a double-pole contact, the two circuits 
are mechanically connected to open or close simul- 
taneously and are electrically insulated from each 
other. 


The mechanical connection is represented by a 
dashed line connecting the poles. Relays are available 
with 1 to 12 poles. A throw is the number of closed 
contact positions per pole. A single-throw contact can 
control only one circuit. A double-throw contact can 
control two circuits. 


A solid-state relay is a relay that uses electronic 
switching devices in place of mechanical contacts. In 
a solid-state relay circuit, a coil is replaced by an input 
circuit and the contacts are replaced with a solid-state 
switching component (transistor, SCR, or triac). 


The input circuit is activated by applying a voltage 
to the input of the relay that is higher than the speci- 
fied pickup voltage of the relay. Most solid-state re- 
lays have an input voltage range, such as 3 VDC to 
32 VDC. The voltage range allows a single solid-state 
relay to be used with most electronic circuits. 


The switching component of a solid-state relay is 
controlled by the input signal. Most solid-state relays 
use a thyristor as the output switching component. 
Thyristors change from their OFF-state (contacts 
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open) to their ON-state (contacts closed) very quickly 
when their gate switches ON. 


A switch must carry the same amount of current 
as the load when the switch is used to directly control 
the load. For example, a switch must be rated high 
enough to carry the current of the horn(s) if the 
horn switch in an automobile is used to directly 
start and stop the flow of current to the horn(s). See 
Figure 18-29. 


In the horn circuit containing no interface, the 
horn switch must carry all 16 A (8 A per horn). The 
wire used to connect the switch must also be rated 
high enough to carry the 16 A. The switch and wire 
size is excessively large for wiring into a steering 
column (space limitations). The circuit may be re- 
designed to include a relay which is used to reduce 
the amount of current, switch rating, and wire size 
required at the horn switch. 


A control relay used as an interface reduces the 
current flowing through that part of the circuit. A 
smaller wire may be used because only l4 A flows 
through the horn switch. The horn switch controls 
the relay coil, which controls the horn. A solid-state 
relay may be used as the interface. In a solid-state 
relay circuit, the coil is replaced by an input circuit 
and the contacts are replaced with a solid-state 
switching component. 


The relay used for an application depends on the 
application's life expectancy and electrical and cost 
requirements. For example, a horn circuit requires 
that the horn be switched very few times. Electro- 
mechanical relays are normally rated for 250,000 
operations and solid-state relays are rated for billions 
of operations. Either relay may be used in the horn 
circuit because of the small number of switches 
that occur. However, in a bottling operation that 
produces thousands of bottles an hour, solid-state 
switches are required because of the large number 
of switches that occur. 


Eltectromechanical relays are available with © 
silver, silver-cadmium, gold-flashed silver, and | 
tungsten contacts. 
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ELECTROMECHANICAL RELAYS 
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Electromechanical Relay Advantages 


Advantages of electromechanical relays include: 


e Normally have multipole, multithrow contact ar- 
rangements 
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e Contacts can switch AC or DC 
e Low initial cost 


e Very low contact voltage drop, thus no heat sink 
is required 


e Very resistant to transient voltages 


e No OFF-state leakage current through open contacts 


Electromechanical Relay Limitations 


Limitations of electromechanical relays include: 


e Contacts wear, thus have a limited life 


e Short contact life when used for rapid switching 
applications or high current loads 


e Generates electromagnetic noise and interference 
on power lines 


e Poor pérformance when switching high inrush 
circuits 


Solid-State Relay Advantages 


Advantages of solid-state relays include: 
e Very long life when properly applied 
e No contacts to wear 


e No contact arcing to generate electromagnetic in- 
terference 


e Resistant to shock and vibration because they have 
no moving parts 


e Logic compatible to programmable controllers, 
digital circuits, and computers 


e Very fast switching capability 


e Different switching modes (zero switching, instant- 
ON, etc.) 


Solid-State Relay Limitations 


Limitations of solid-state relays include: 


e Normally only one contact available per relay 


e Heat sink required due to voltage drop across 
switch 


e Can switch only AC or DC 
e OFF-state leakage current when switch is open 


e Normally limited to switching only a narrow fre- 
quency range such as 40 Hz to 70 Hz 
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Contactor Interfaces 


A contactor is a control device that is designed to 
control high-power, non-motor loads. Contactors are 
relays that have high-current contacts. Contactors 
control high-power loads and/or many loads on an 
individual circuit (several loads connected in paral- 
lel). Contactors are normally used in high-power 
lighting circuits. See Figure 18-30. 


In the lighting circuit, the contactor contacts carry 
the high current of the loads and the photoelectric 


switch carries the low current of the contactor coil 
(normally less than 1 A). This allows the control 
switch to be rated lower than the loads the switch is 
controlling. Contactor ratings range from a few am- 
peres to several thousand amperes. 


wien? 
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TECH electrical and mechanical application parame- _ 
| me ters are well-defined. NEMA-rated contactors 
are best applied when parameters may vary or ` 
are not well-defined. 
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Motor Starter Interfaces 


A motor starter is an electrically-operated switch 
(contactor) that includes motor overload protection. 
Motor overload protection is normally provided by 
heaters or electronic circuits, which are included as 
part of the motor starter. Motor overload protection 
protects the motor when the motor is running. See 


Figure 18-31. 
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Motor overload protection is selected based on the 
motor’s running current listed on the motor name- 
plate. The current drawn by the motor passes through 
the overload heating element. The overload heating 
element heats to a point high enough to open the 
overload contacts if the motor draws excessive cur- 
rent. Open overload contacts stop the motor because 
the open overload contact stops the flow of current 
through the motor starter coil. The motor starter coil 
stops the flow of current to the motor when the coil 
is de-energized. The overloads must be reset before 
the motor can restart. Overloads may be manually 
reset or automatically reset. 


In a common start/stop motor control circuit, extra 
motor starter contacts (holding contacts) are placed 
in parallel with the start pushbutton. The extra motor 
starter contacts close, allowing the start pushbutton 
to be released when the motor starter coil is ener- 
gized. The current continues to flow through the 
holding contacts and starter coil. The motor is 
stopped by pressing the stop pushbutton or if the 
overload contacts are opened. 


Most motor control circuits are powered from 
step-down transformers to reduce the voltage to the 
control circuit. A step-down transformer reduces the 
voltage to the control circuit to a level of 120 V (or 
less). See Figure 18-32. 
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Complex Circuit Requirements 


In many circuits, the circuit inputs (switches) control 
the outputs (loads) through computer-controlled cir- 
cuits. In such systems, the inputs are never connected 
directly to the loads. The inputs are connected to 
input modules that change the input signal into a sig- 
nal that can be sent into a data interface module. A 
data interface module is a device that converts input 
signals into a signal that can be sent over a network. 
See Figure 18-33. 


The input signal from the data interface module 
is sent into a converter that allows a standard com- 
puter, loaded with a control program, to recognize 
the inputs. The computer program manipulates the 
input information and sends output signals back 
over the network, through the converter. The data 
interface module takes the output signals and en- 
ergizes output modules that can control lamps, sole- 
noids, motor starters, and other outputs. А printer 
can also be added to the network to produce hard 
copy documentation. 
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Input and output modules are solid-state relays 
that are designed for many different signal input and 
output control functions. They are referred to as input 
and/or output modules. Input and output modules, 
used along with communication interfaces, allow sig- 
nals to be sent over telephone and other communi- 
cation systems. See Figure 18-34. 

In such complex circuits, care must be taken to 
ensure each component in the system can commu- 
nicate with the next component in the system and 
that they are electrically compatible. Communica- 
tion is the compatibility between the software 
(computer programs and procedures) and all parts 
of the system. Electrical compatibility is the match- 
ing of the voltage, current, and power requirements, 
pin and plug configurations, and size and type of 
inputs and outputs. 
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COMPLEX CIRCUIT INTERFACING 
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Application software programs are designed to al- 
low circuit control of almost any input and output 
device. Most industrial software packages use icon- 
driven software. Icons are picture representations on 
the computer screen. Icons that show the process and 
the type of inputs and outputs are used in industrial 
network systems. 


Protection Requirements 


АП circuits require protection if they are to operate 
properly and keep fault (overloads, shorts, etc.) dam- 
age to a minimum. Circuits are protected from faults 
by fuses, circuit breakers, overload relays, and elec- 
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tronic protection monitors. Fuses and circuit breakers 
are designed to protect a circuit from overcurrents 
and short circuits. Overload relays protect motors 
from overloads placed on the motor. Electronic pro- 
tection monitors are devices that are designed to pro- 
tect the system from over/under voltages, phase loss, 
phase imbalance, etc. 


System faults, personnel protection, fire hazards, 
and improper operation are reduced (or eliminated) 
by proper device installation and maintenance. 
Proper device installation is accomplished by follow- 
ing codes and standards. See the National Electrical 
Code? for further information. 
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Monitoring Systems 


Electrical loads use electricity to produce work. The 
electrical power delivered to a load must be the cor- 
rect type and amount for the load to convert elec- 
tricity into work. The load operates in a safe, 
economical, and efficient manner if the delivered 
power is the correct type and amount. The load op- 
erates on whatever power is delivered to it if the 
delivered power is not correct. The load may not op- 
erate at all (very low voltage) or may be destroyed 
(very high voltage) if the delivered power is com- 
pletely incorrect. For example, a motor would be de- 
stroyed almost immediately if 460 V were applied 
to a 230 V motor. The motor could operate for a 
considerable period of time before damage is done 
if 208 V were applied to a 230 V motor. 


Major power problems, such as short circuits and 
very high overloads are handled by the system's fuses 
and circuit breakers. Fuses and circuit breakers do 
not normally take care of problems such as low volt- 
age, high voltage, loss of one power line, and other 
problems that affect the operation of the load. These 
problems require special monitors that are designed 
to detect even slight variations in the supply power. 


Applying the correct monitor ensures that a fault 
in the system is detected before expensive problems 
occur. Monitors may be added to protect the system 
from many different types of problems that may oc- 
cur in the main power supply, directly at the electrical 
load, or in the mechanical load connected to the mo- 
tor. See Figure 18-35. 


The most common power used by large industrial 
loads is 36 power. Common problems that occur 
in 36 power systems include improper phase se- 
quence, phase unbalance, phase loss, and phase an- 
gle error. Any one of these problems may go 


undetected by the system's fuses or circuit breakers. 
See Figure 18-36. 


Single-phase power is also used for industrial, 
commercial, and residential loads. Almost all 16 
power comes from a 36 power distribution system. 
Therefore, any problem in the 3$ system may also 
become a problem in the 1$ system. One of the most 
common undetected problems in 1$ systems is volt- 
age that is slightly too high or too low. Over time, 
this problem causes damage to electrical loads, elec- 
tronic circuits, and other control devices. Any good 


power distribution system should include power 
monitors to protect the system from problems that 
may occur. 
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Improper Phase Sequence 


Changing the sequence of any two phases (phase re- 
versal) in a 3 motor reverses the direction of motor 
rotation. Reversing motor rotation may cause damage 
to driven machinery or injury to personnel. Phase 
reversal may occur when modifications are made to 
a power distribution system or when maintenance is 
performed on electrical conductors or switching 
equipment. The NEC? requires phase reversal pro- 
tection on all personnel transportation equipment, 
such as moving walkways, escalators, and ski lifts. 


Power monitor and other 3 component termi- | 
nals may be labeled R, S, and T instead of L1, | 
L2, and L3 for the input side and U, V, and W ` 
instead of ТІ, T2, and ТЗ for the output side. ' 
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Phase Unbalance 


Unbalance of a 3$ power circuit occurs when 16 
loads are unevenly applied to the circuit. One power 
line carries more of the load when 16 loads are un- 
evenly applied. A phase unbalance causes 3$ mo- 
tors to run at temperatures above their normal 
rating. A 3$ motor operating in an unbalanced cir- 
cuit cannot deliver its rated horsepower. Careful 
attention is given to balancing loads in new 3 power 
circuit installations. 


Phase Loss 


The complete loss of one phase in a power circuit 
(single-phasing) is an extreme case of phase unbal- 
ance. A phase loss may cause a motor to start in the 
opposite direction of rotation and also causes the mo- 
tor to overheat. A motor may start in either direction 
when the two other phase voltages are applied when 
one phase is lost prior to starting the motor. The mo- 
tor's temperature increases over a longer time period 
if the two good phase voltages cannot supply enough 
power to start the motor. In both cases, the increased 
temperature may burn out the motor. Damage to 
driven machinery or injury to personnel is possible 
because a motor may start in the reverse direction 


when one phase is lost. Lightning, a fallen tree 
branch, or a blown fuse may remove an incoming 
power line and lead to phase loss. 


Phase Angle Error 


In a 36 power circuit, each phase is 120 electrical 
degrees apart. The phase angle changes if a circuit 
is unbalanced or if a heavy inductive or capacitive 
load is placed on one or two of the power lines. A 
phase angle error occurs when the phase angle 
changes. A phase angle error causes 36$ motors to 
run at temperatures above their normal ratings. A 30 
motor operating in a circuit with a phase angle error 
cannot deliver its full-rated horsepower. 


An over/under voltage power monitor may be used 
to monitor the control circuit for an over/under volt- 
age condition. The monitor is connected into the cir- 
cuit so it monitors the voltage out of the control 
transformer. The monitor operates its relay contacts 
if there is no problem. The relay's NC contact may 
be connected to turn ON a warning light when a prob- 
lem develops. Turning ON a warning light gives a 
visual indication of the problem. The relay's NO con- 
tacts are connected in series with the main power 
supply line. The contacts open and remove power to 
the control circuit if the monitor detects a problem. 
See Figure 18-37. 
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Monitoring Main Power Lines 


The power delivered to a system must be the correct 
type and as clean as possible. Although the power 
company takes steps to deliver the proper power, out- 
side factors may change it. Lightning or a tree branch 
may remove one of the three incoming power lines, 
leading to phase loss and unbalance. Although this 
problem is taken care of by the power company, ex- 
pensive work stoppages and equipment damage may 
occur. A plant may not be able to prevent the external 
loss of power to the plant, but the plant may monitor 
the incoming power and take corrective action im- 
mediately by monitoring the main power lines. The 
main power lines may be monitored for correct phase 
sequence, phase loss, phase unbalance, over/under 
voltage conditions, over/under frequency conditions, 
and overcurrent conditions. 


A phase loss/phase sequence monitor may be used 
to monitor the main power lines for a phase loss or 
the correct phase sequence. The monitor is connected 
into the circuit to monitor each of the three upstream 
power lines. The monitor operates its relay contacts 
if there is no problem. The relay's NO contacts are 
connected in series with the stop pushbutton. The 
contacts open and turn OFF any load connected into 
that part of the circuit if the monitor detects a prob- 
lem. The relay's NC contacts may be connected to 
turn ON a warning light when a problem develops. 
Turning ON a warning light gives a visual indication 
of which part of the system has a problem. This re- 
duces the time required to find the problem. See Fig- 
ure 18-38. 
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Power monitors monitor power line problems i 
and signal a warning or shut the power OFF. 


Monitoring Loads 


The power entering a plant is at the end of the 
power company’s distribution system and at the be- 
ginning of the in-plant power distribution system. 
Many problems can occur when the power enters a 
plant, resulting in incorrect and damaging power be- 
ing delivered to the loads. Some of these problems 
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are obvious, such as short circuits, overloads, and 
loss of a phase caused by the blowing of a fuse. 
Some of these problems are not so obvious, such 
as over/under voltage, over/under frequencies, and 
phase asymmetry. 


The power company monitors its distribution sys- 
tem from the start (generator) to the end (consumer). 
Plant power must be monitored from start to end to 
ensure that power is driven correctly. The electricity 
in plant systems and electrical loads may be moni- 
tored for correct phase sequence, phase loss, contact 
failure on switching equipment, over/under voltage 
conditions, correct polarity of all DC circuits, phase 
reversal in 3ф systems, phase unbalance, damaging 
voltage spikes and electrical noise, dangerous ground 
faults, and overcurrent conditions. 


Conductors 


Conductors are a major part of electrical circuits. In 
general, the NEC® recognizes three types of conduc- 
tors: copper, aluminum, and copper-clad aluminum. 
Unless specified, all conductors in the NEC® are con- 
sidered to be copper. There are better conductors than 
copper. For example, silver is a better conductor of 
electricity than copper, however, copper offers the 
most ampacity at the least cost per foot. 


Conductor sizes are expressed in American Wire 
Gauge (AWG) or circular mils (CM) per Article 
110.6. Table 8, Chapter 9, contains some useful in- 
formation on conductor properties and can also be 
used to show the relationship between AWG sizes 
and circular mils. Basically, the AWG is a system 
for comparing the relative area of a conductor. For 
the purposes of the NEC®, sizes start at No. 18 
(small) and run through No. 1 (larger). As the number 
value increases, the size of the conductor decreases. 
Thus, a No. 4 conductor is larger than a No. 8 con- 
ductor. After No. 1, the AWG uses the aught sizes. 
Four sizes are listed using this method: No. 1/0, No. 
2/0, No. 3/0, and No. 4/0. 


After the No. 4/0 size, the Table switches to the 
use of kcmils. A mil is .001”. A circular mil is a 
measurement used to determine the cross-sectional 
area of a conductor. The prefix “k” stands for thou- 
sands, thus kcmil is equal to thousands of circular 
mils. As the number of kcmils increases, the size of 
the conductor increases. 
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Electrical Circuits 


Electricity is used to produce heat, light, sound, and 
motion in residences, shopping centers, restaurants, 
businesses, manufacturing facilities, etc. Electricity 
must be properly distributed and used to safely and 
efficiently serve the needs of individuals. Electrical 
systems primarily used in homes, apartments, and 
condominiums are generally referred to as residential 
systems. Electrical systems primarily used in hospi- 
tals, office buildings, schools, hotels, garages, and 
government buildings are generally referred to as 
commercial systems. Electrical systems primarily 
used to convert raw materials and manufacture prod- 
ucts are generally referred to as industrial systems. 


Residential, commercial, and industrial systems 
often include the same basic types of circuits, al- 
though each circuit may differ in size (number of com- 
ponents and total power), voltage level (115 V, 230 V, 
460 V, etc.), voltage type (AC, DC, 16, 39), and usage. 
For example, residential, commercial, and industrial lo- 
cations all include general lighting circuits and small 
appliance circuits (general 115 V outlets). Likewise, 
some circuits are installed to perform the same basic 
function, but with different power requirements. For 
example, residential circuits must include circuits de- 
signed to power the appliances that cook food. Res- 
taurants must also include circuits for cooking food 
on a larger scale than residential buildings. Industries 
that produce food products must include circuits for 
preparing and cooking raw materials used in food 
processing on a very large scale. 
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Residential, commercial, and industrial circuits 
make up a large portion of the electrical circuits used 
to deliver power from the power company and pro- 
duce work. However, other types of electrical circuits 
exist. For example, electrical circuits used in auto- 
mobiles, electric vehicles, boats, planes, trains, 
spacecraft, and electric toys are generally referred to 
as mobile electrical circuits. 


Residential Circuits 


Residential circuits primarily include lamp control 
(lighting) circuits, general-purpose receptacle (small 
appliance) circuits, and special-purpose receptacle 
(ranges, ovens, room heaters, water heaters, air con- 
ditioners, pools, spas, hot tubs, etc.) circuits. 


Lamp Control 


Lamps are controlled by different switches and cir- 
cuits. The switch used depends on the method by 
which the lamp is operated. Switches that are manu- 
ally-operated (manual switches), operated at a set time 
(timers), or operated when motion is detected (motion 
sensors) are used to control lamps. The different 
switches apply or disconnect power to a lamp using 
different methods. The circuit used to control a lamp 
depends on the application. For example, a two-way 
switch is used for a lamp that is controlled from one 
location. A three-way switch is used for a lamp that 
is controlled from two different locations. A four-way 
switch is used for a lamp that is controlled from three 
different locations. A rotary dimmer is used to control 
the voltage applied to a lamp. See Figure 19-1. 
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Switches 


A switch is a device that is used to start, stop, or 
redirect the flow of current in an electrical circuit. 
The disconnect operation and rating of a switch are 
considered when the switch is used to control a lamp. 
The switch must be rated higher than (or equal to) 
the voltage and current rating of the lamp(s) the 
switch is controlling. The switch must disconnect the 
hot power line in circuits of 120 V (or less) that use 
one hot and one neutral line. The switch must dis- 
connect both hot lines in circuits that use two hot 
lines (240 V, etc.). The voltage may arc over the 
switch contacts if the switch is rated for a voltage 
less than the applied voltage. The switch contacts 
are destroyed and may weld together if the switch 
is rated for a current less than the applied current. 


АП lighting circuit switches have their ampere and 
voltage rating stamped on them. They may also have 
a horsepower rating included. In general, the higher 
the ampere and voltage rating, the more expensive 
the switch. For example, a switch rated at 15 A, 
120/277 V costs more than a switch rated at 15 A, 
120 V. The 277 V rating allows the switch to be used 
on 277 V fluorescent lamp circuits. See Figure 19-2. 
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Lighting circuit switches are rated as either AC 
or AC/DC. DC is harder to switch than AC because 
DC is always flowing at full value. The making (clos- 
ing) and breaking (opening) of a circuit creates a 
strong arc during the switching operation when cur- 
rent is flowing at full value. To reduce damage, the 
contacts of a DC switch are widely gapped and the 
switching operation is snap-acting to avoid excessive 
pitting or welding of the switch contacts. 


AC operates between zero and full voltage 120 
times per second on standard 60 Hz power lines. The 
voltage at the switch contacts is constantly changing 
in value. The oscillating characteristic of AC helps 
extinguish the arc developed at the switch contacts. 
This allows the use of a slower switching action. AC 
switches are quieter and lower in cost than DC 
switches. AC switches are used when wiring most 
residential lighting circuits. 
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SWITCH RATINGS 
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The switch used to control a lamp depends on the 
number of different locations the lamp must be con- 
trolled from. The three standard manually-operated 
switches used to control most ON/OFF lighting cir- 
cuits are two-way, three-way, and four-way switches. 
See Figure 19-3. 


Two-Way Switches 


A two-way switch is a single-pole, single-throw 
(SPST) switch. A two-way switch may be placed in 
one of two different positions. The switch allows cur- 
rent to flow through it in the ON position and does 
not allow current to flow through it in the OFF po- 
sition. Two-way switches have ON and OFF position 
markings on them because they have distinct ON and 
OFF positions. Two-way switches are used to control 
a lamp from one location. 


Three-Way Switches 


A three-way switch is a single-pole, double-throw 
(SPDT) switch. A three-way switch has one common 
terminal and two traveler terminals. The common ter- 
minal is darker in color to distinguish it from the 
two traveler terminals. The switch connects the com- 
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mon terminal to the top traveler terminal in one po- 
sition and connects the common terminal to the bot- 
tom traveler terminal in the other position. A 
three-way switch does not have a designated ON and 
OFF position because the common terminal is always 
connected to one of the traveler terminals. Three-way 
switches never have ON and OFF position markings 
on them. Two three-way switches are used to control 
a lamp from two different locations. 


n.i 
Garbage disposals and dishwashers are con- | 
sidered permanent appliances and each re- 


quires its own dedicated 15 A, 120 V circuit. 


Four-Way Switches 


A four-way switch is a double-pole, double-throw 
(DPDT) switch that changes the electrical connec- 
tions inside the switch from straight to diagonal. 
Four-way switches do not have ON and OFF position 
markings on them. Four-way switches are used with 
three-way switches to control a lamp from three lo- 
cations. When controlling a lamp from three loca- 
tions, the four-way switch is placed between the two 
three-way switches. 
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LAMP CONTROL 


NEUTRAL 
WIRE 


115 VAC 


WHITE 
PED WIRE 


WIRE 
(SWITCHED) (NEUTRAL) 


TWO-WAY 


s 5 
о 


OPEN (OFF) 
POSITION 


TWO-WAY SWITCH 


о0о 


CLOSED (ON) 
POSITIÓN 


NEUTRAL 
WIRE 
115 VAC 
RED 
WIRE 
(TRAVELER) BLACK WHITE 
WIRE WIRE 
RED (SWITCHED) (NEUTRAL) 
WIRE 
(TRAVELER) 


THREE-WAY 
SWITCHES 


НЕР. 


(е) 
POSITION 
ONE 


POSITION 
TWO 


THREE-WAY SWITCH 
NEUTRAL 
WIRE 
115 VAC 
RED RED 


WIRE 

(TRAVELER) BLACK WHITE 
WIRE N 

(SWITCHED) 


WIRE 
(TRAVELER) 
WIRE 
RED RED (NEUTRAL) 
WIRE WIRE 
(TRAVELER) (TRAVELER) 


FOUR-WAY 
SWITCHES 


0—— —0 


POSITION POSITION 
ONE TWO 


FOUR-WAY SWITCH 


Dimmers 


A dimmer switch is required to vary the brightness 
of a lamp. A dimmer switch is a switch that changes 
the lamp brightness by changing the voltage applied 
to the lamp. Dimmer switches are used to control 
light levels in living rooms, dining rooms, display 
cases, and other areas in which a variable light level 
is desired. A two-way dimmer switch is used if the 


lamp that is controlled requires only one switch. See 
Figure 19-4. 


A two-way dimmer switch is connected into a cir- 
cuit in the same manner as a standard two-way 
switch. The only difference is the dimmer switch in- 
cludes a knob (or lever) that is used to set the bright- 
ness in addition to an ON/OFF position. Most dimmer 
switches adjust the lamp through the full range of 
brightness. 
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A three-way dimmer switch is used if a lamp that 
is controlled from two locations requires brightness 
control. A three-way dimmer switch is connected into 
a circuit in the same manner as a standard three-way 
switch. A standard three-way switch is used for the 
other three-way switch in the circuit. In a circuit us- 
ing a three-way dimmer switch, either three-way 
switch is used to turn the lamp ON or OFF. Only 
the dimmer switch sets the brightness of the lamp. 


Only two-way and three-way dimmer switches are 
available because any switching circuit that includes 
a four-way switch also includes two three-way 
switches. In this case, a three-way dimmer switch 
replaces one of the standard three-way switches. 


Motion Sensors 


А motion sensor is an infrared sensing device that 
detects the movement of a temperature variance and 
automatically switches when the movement is de- 
tected. This change is normally caused by the move- 
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ment of a person, but also occurs during a fire. Mo- 
tion sensors are used in parking lots, walkways, hall- 
ways, Stairs, restrooms, building entrances and exits, 
and for general room security. 


Motion sensors are connected in the same manner 
as a two-way switch. The switch includes a black 
wire that is connected to the hot wire and a red wire 
that is connected to the lamp. White wire is also in- 
cluded that is connected to the neutral wire. The sen- 
sor requires a hot and neutral wire to be connected 
to the switch at all times to power the sensing circuit 
24 hours a day. See Figure 19-5. 
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Lamp Fixture Mounting 


Lamp fixtures are mounted using one of several differ- 
ent methods. The method used depends on the weight 
of the lamp fixture. The required mounting parts 
(mounting strap and locknuts) are normally included 
as part of the lamp fixture parts. See Figure 19-6. 


For lighter loads (less than 5 1b), the lamp fixture 
is held with two mounting screws that hold the fixture 
base to a mounting strap. The mounting strap is at- 
tached by screws to the threaded box ears (on the 
lamp fixture box). For loads less than 10 lb, the 
mounting strap is held to a stud by a locknut. The 
stud is screwed into a hanger that spans the joists 
between the location where the lamp fixture box is 
mounted. The fixture is then held to the mounting 
strap by two screw nuts. 


Lamp fixtures between 10 16 and 20 lb are 
mounted on a hickey that has been screwed onto the 


stud. A hickey (reducer) is a mounting device that 
screws onto the threaded fixture stud and takes a 
threaded nipple. The nipple extends through the fix- 
ture base, which allows the fixture to be mounted by 
a locknut. For loads over 20 1, a threaded adapter 
is added which allows the locknut to help hold both 
the lamp fixture and fixture base. 


Lamp Control Circuits 


A switch (or switches) is connected into a lamp cir- 
cuit to turn the lamp ON and OFF. The switch used 
depends on the number of different locations from 
which the lamp is controlled. The number of different 
locations a lamp is controlled from is determined by 
Code requirements and convenience. For example, 
the NEC requires a stairway of six or more steps 
to have a switch that controls the stairway lamp from 
the top and bottom of the steps per 210.70(A). 
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Lamps may be controlled from any number of 
locations. However, lamps are commonly control- 
led from one, two, or more than two locations. 


One Location Lamp Control 


Controlling a lamp from one location is the most 
common lighting circuit. See Figure 19-7. A two-way 
switch is used when controlling a lamp from one lo- 
cation. The switch is connected between the hot 
power line and the lamp. The circuit is completed 
and the lamp is turned ON when the switch is placed 
in the ON position. The switch opens the circuit and 
the lamp is turned OFF when the switch is placed 
in the OFF position. 
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Colored wires are used when connecting a lighting 
circuit. A black wire is normally used for the hot 
power line, a white wire is used for the neutral power 
line, and a red wire is normally used for the switched 
power line. There is always a voltage between the 
black and white wires in the circuit. There is power 
between the red and white wires only when the switch 
is in the ON position. In this circuit, the metal con- 
duit serves as the system ground and no ground wire 
is used. 


Lamps are connected in parallel if more than one 
lamp is controlled by a switch. The total number of 
lamps connected in parallel is insignificant as long 
as the total current required by all the lamps does 
not exceed the current rating of the switch. 


Never assume a circuit is OFF even after turn- |. 
ing the breaker OFF or removing the fuse. 


Two Location Lamp Control 


In some applications, it is necessary to control a lamp 
from two separate locations. For example, a lamp 
that is used to light a staircase must have a switch 
at the top and bottom of the staircase. Likewise, 
rooms that have two entrances (or exits) require a 
switch that controls the lights at each location. Two 
three-way switches are used when controlling a lamp 
from two locations. See Figure 19-8. 


In this circuit, the common point of one three-way 
switch is connected directly to the hot power supply 
at all times. The common point of the other three-way 
switch is connected directly to the lamp at all times. 
The traveler terminals of both three-way switches are 
connected together. A black wire is used to connect 
the hot power line to the first three-way switch. Red 
wires are used for the travelers. The wire connecting 
the second three-way switch to the lamp is normally 
red or black with a color tape marking to distinguish 
it from the others. 


In this circuit, a green (or bare) wire is used for 
the ground because nonmetallic cable is used. The 
ground wire is required to ground all non-current car- 
rying metal to earth. The conduit may be used to 
maintain a solid ground connection if metal conduit 
is used. 
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TWO LOCATION LAMP CONTROL 
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The line diagram of two three-way switches con- 
trolling a lamp is the same regardless of the actual 
wiring diagram used to connect the individual com- 
ponents. The actual wiring diagram varies based on 
the incoming power supply that is brought into the 
circuit. In this circuit, the incoming power may be 
brought into the circuit in any one of three different 
locations. The power may be brought into the box 
that contains the lamp, the box that contains three- 


way switch 1, or the box that contains three-way 
switch 2. See Figure 19-9. 


The point where the power is brought into a cir- 
cuit is insignificant from an electrical standpoint. 
The circuit is wired the same and operates the same 
regardless of the point where the power is brought 
into the circuit. However, the number of individual 
wires required in each conduit may vary. In gen- 
eral, it makes no difference where the power is 
brought into a circuit as long as the total number 
of wires in any one conduit run does not exceed 
the allowable number of wires for that size conduit. 
A larger size conduit is required if the number of 
wires exceeds the allowable number of wires for 
that size conduit. The circuit should be checked 
for alternative wiring arrangements before a large 
conduit is used. 


Eo Ti he NEC? requires that wire connections and 


splices be contained inside an approved metal | 
or plastic box. 
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More Than Two Location Lamp Control 


Some applications require a lamp to be controlled 
from more than two locations. For example, a room 
that contains three entrances requires a switch to turn 
ON the lamp from any of the three entrances. A four- 
way switch is placed between two three-way switches 
when controlling a lamp from three locations. See Fig- 
ure 19-10. 


The four-way switch is always connected between 
two three-way switches. Any number of four-way 
switches may be connected into a circuit, but they 
all must be connected between the two three-way 
switches. Red wire is used to connect the traveler 
wires because the four-way switch is connected be- 
tween the two three-way switches. 


In the line diagram, the four-way switch is always 
placed between the two three-way switches. The wir- 
ing diagram also shows the four-way switch placed 
in the middle of the circuit. The four-way switch may 
be placed in any position in the wiring diagram as 
long as it is wired between the travelers of the two 
three-way switches. 
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TWO LOCATION LAMP CONTROL POWER CONNECTIONS 
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MORE THAN TWO LOCATION LAMP CONTROL 
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Multiple Lamp Circuits 


Switching circuits may be used to control more than 
one lamp. The lamps are connected in parallel when 
more than one lamp is used. See Figure 19-11. 


Any number of lamps may be connected in parallel 
as long as the total current drawn by the parallel 
circuit does not exceed the current limit of the 
switches and wire. For example, a 100 W incandescent 
light bulb draws about .88 A at 115 V. Ten 100 W 
incandescent light bulbs connected in parallel draw 
about 8.8 A. A standard 15 A lighting circuit safely 
switches the ten 100 W bulbs. 


Circuits should not be operated to their maximum 
when determining the total number of lamps to con- 
nect into a circuit. This is because the person chang- 
ing the lamps normally has no idea of the limits of 
the circuit. The circuit current increases if a 100 W 
lamp is replaced with a higher wattage bulb. Do not 
load a lighting circuit more than 75% of its maximum 
ampere rating. А clamp-on ammeter is used to meas- 
ure the current in a lighting circuit. Measure the cur- 
rent at the main incoming hot power line to take a 
total (all lamps in parallel) current reading. 
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Switching Combinations 


In many rooms, several different lighting circuits are 
often used to control the lights. Multiple lighting cir- 
cuits are used to create different lighting effects 
and/or save energy. Rooms that use multiple lighting 
circuits include kitchens, family rooms, bathrooms, 
and garages. Multiple lighting circuits are also used 
for outdoor lighting applications. 


Lighting circuits that include multiple switching 
circuits follow the same basic wiring as individual 
lighting circuits, except the individual circuits nor- 
mally share the same conduit and boxes. For exam- 
ple, three individual switches may be connected to 
control three individual lamps. See Figure 19-12. 


In this circuit, switch 1 controls lamp 1, switch 2 
controls lamp 2, and switch 3 controls lamp 3. At 
any time, all three lamps may be turned OFF and/or 
ON, or any combination of the three lamps may be 
ON and/or OFF. 


This circuit is often used in bathrooms where one 
switch may control a ceiling lamp, another switch 
may control a mirror lamp(s), and a third switch may 
control a shower lamp or exhaust fan. 
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Two-way and three-way switches may be used 
to control two lighting circuits. See Figure 19-13. 
In this circuit, one lamp is controlled from only 
one location and the other lamp is controlled from 
two locations. Switch 1 controls lamp 1, and 
switches 2 and 3 control lamp 2. Lamp 1 can only 
be controlled by switch 1. However, lamp 2 can 
be controlled by either switch 1 or switch 2. This 
circuit is often used in an area, such as a kitchen, 
where the main room lights need to be controlled 
from two locations but additional lighting need 
only be controlled at one location. 


Receptacles 


A receptacle (outlet) is a device used to connect 
equipment with a cord and plug to an electrical sys- 
tem. The most common 120 V receptacle is the du- 
plex receptacle. A duplex receptacle is a receptacle 


NEUTRAL 
WIRE 


SWITCHED 


NEUTRAL 
WIRES 


TRAVELER 
SWITCH 2 


SWITCHED ` 


oe TRAVELER 


ARCHITECTURAL PLAN 


that has two spaces for connecting two different 
plugs. The three basic receptacles are standard, iso- 
lated ground, and GFCI (ground fault circuit inter- 
rupter) receptacles. See Figure 19-14. 


Standard Receptacles 


Standard receptacles are the most common recepta- 
cles used in general residential wiring. Standard re- 
ceptacles include a long (neutral) slot, a short (hot) 
slot, and a U-shaped ground hole. Wires are attached 
to the receptacle at screw terminals or push-in fit- 
tings. A connecting tab between the two hot and two 
neutral screw terminals provides an electrical con- 
nection between the terminals. This electrical con- 
nection allows for both terminals to be powered when 
one wire is connected to either terminal. 
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INDIVIDUAL THREE LAMP CONTROL 
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RECEPTACLES 
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Receptacles are marked with ratings for maximum 
voltage and amperes. Standard receptacles are marked 
15 A, 125 V or 20 A, 125 V. The 125 V, 20 A re- 
ceptacles are normally required for laundry and 
kitchen circuits. Most other 125 V receptacles may 
be 15 A (check local codes for exact requirements). 
See Figure 19-15. 
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Receptacles marked CU or COPPER are used with 
solid copper wire. Receptacles marked CU-CLAD 
ONLY are used with copper-coated aluminum wire. 
Only receptacles marked CO/ALR may be used with 
solid aluminum wire. 
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When.wiring a 120 V duplex receptacle, the white 
wire is connected to the silver-colored screw, the 
black (or red) wire is connected to the brass-colored 
screw, and the green (or bare) wire is connected to 
the green screw. See Figure 19-16. 
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Isolated Ground Receptacles 


In a standard receptacle, the receptacle ground is con- 
nected to the common grounding system when the 
receptacle is installed in a metal outlet box. The com- 
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mon grounding system normally includes all metal 
wiring, boxes, conduit, water pipes, and the noncur- 
rent-carrying metal parts of most electrical equip- 
ment. The receptacle ground becomes part of the 
larger grounding system when a piece of electrical 
equipment is plugged into the receptacle. 


The common grounding system may act as a large 
antenna and conduct electrical noise. This electrical 
noise may cause interference in computer, medical, 
security, military, and communication equipment. 


An isolated grounded receptacle is used to mini- 
mize problems in sensitive applications or in areas 
of high electrical noise. An isolated grounded recep- 
tacle is an electrical receptacle that minimizes elec- 
trical noise by providing a separate grounding path 
for each receptacle. Isolated grounding receptacles 
are identified by an orange triangle on the face of 
the receptacle and/or an orange-colored faceplate. A 
separate ground conductor is run with the circuit con- 
ductors in an isolated grounding system. The ground- 
ing system must be installed per NEC? Article 250. 
See Figure 19-17. 


Split-Wired Receptacles 


A split-wired receptacle is a standard receptacle 
that has had the tab between the two brass-colored 
(hot) terminal screws removed. The tab between the 
two silver-colored terminals is not removed. Split- 
wired receptacles are used to provide a switched 


circuit or two separate circuits at the same outlet. 
See Figure 19-18. 
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GFCI Receptacles 


A ground-fault circuit interrupter ( GFCI) is an elec- 
tric device which protects personnel by detecting 
ground faults and quickly disconnecting power from 
the circuit. A ground fault is any amount of current 
above the level that may deliver a dangerous shock. 
СЕСЕ provide greater protection than standard and iso- 
lated grounded receptacles. Per 210.8(A), dwelling 
units shall have GFCI protection in bathrooms, garages, 
outdoor areas, crawl spaces, unfinished basements, 
kitchen countertops, and within 6' of wet bar sinks. 
Per 210.8(B), GFCI protection is required in bath- 
rooms and on rooftops of other than dwelling units. 
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Switched Circuits 


Rooms of occupancy, such as bedrooms, may have a 
switched lighting (split-wired) circuit. This switched 
lighting circuit may include a built-in lamp and/or a 
switched receptacle circuit. With a switched recep- 
tacle circuit, the lamp(s) is plugged into one side of 
the receptacle and a wall switch controls the plugged- 
in lamp. The nonswitched side of the receptacle re- 
mains hot at all times. See Figure 19-19. 
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In this circuit, the top receptacle of the duplex 
receptacle is controlled by a switch and the bottom 
receptacle is hot at all times. A lamp is normally 
plugged into the top receptacle and a clock (or other 
appliance) is plugged into the bottom receptacle. Al- 
though there is no standard for which receptacle (top 
or bottom) is switched, one is selected and made the 
standard for the entire dwelling. 


Two Separate Circuits 


In some locations, such as a kitchen countertop, two 
high-wattage appliances may have to be connected 
to the same circuit. The circuit may be overloaded 
if both sides of a receptacle are wired to the same 
branch circuit. A standard duplex receptacle may 
be split-wired to two separate branch circuits. See 
Figure 19-20. 


SERVICE- 
ENTRANCE 
PANEL 


APPLIANCE 
ON CIRCUIT 1 


APPLIANCE 
ON CIRCUIT 2 


Three conducting wires and a ground wire are used 
when wiring a split-wired receptacle to two different 
branch circuits. A hot wire from each branch circuit 
is connected to the two brass-colored screws on the 
side from which the connecting tab was removed. A 
neutral wire is connected to one of the silver-colored 
screws. A green (or bare) ground wire is connected to 
the green terminal screw. A two-pole circuit breaker is 
used to ensure that both sides of the receptacle are 
disconnected when there is an overload on either 
side. A two-pole circuit breaker includes a mechani- 
cal link between the two individual breakers so that 
they are both always ON or OFF. See Figure 19-21. 
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Grounding 


Residential electrical circuits are grounded to help 
prevent fires and to prevent personnel that may touch 
electrical equipment from getting a shock. A ground 
is the connection of all exposed noncurrent-carrying 
metal parts to the earth. The purpose of grounding 
is to provide a safe path for a fault current to flow. A 
complete ground path must be maintained when install- 
ing switches, lamps, appliances, and receptacles. 

When using metal conduit (rigid or EMT), the metal 
conduit provides a grounded metal pathway back to 
the service panel. A bare or green insulated copper wire 
serves as the ground path when using nonmetallic cable 
(Romex). The ground wire is connected to all recepta- 
cles and metal boxes to provide a continuous pathway 
for short-circuit current. See Figure 19-22. 
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Commercial Circuits 


Commercial buildings such as retail shops, restau- 
rants, apartment buildings, hotels, motels, gas sta- 
tions, bakeries, sports complexes, etc. require high 
levels of power for lighting, motors, heating ele- 
ments, and other loads. This high energy demand re- 
quires a greater number of individual circuits than 
residential buildings. Different size power distribu- 
tion systems are used depending on the amount of 
power required and the type of loads to be controlled. 
Relatively low voltage levels (208 V — 240 V) are de- 
livered for small commercial applications (gas sta- 
tions, restaurants, etc.) by the local utility. Medium 
commercial voltage levels (460 V —480 V) are de- 
livered for mid-sized commercial applications (small 
office buildings, etc.). 


Large commercial applications (colleges, small 
businesses, hotels, etc.) require voltages of over 1000 
V to be delivered and distributed to different trans- 
former banks throughout the building. The high volt- 
age reduces the conductor size required to deliver 
high amounts of power. 


The high voltage is reduced at a substation. A sub- 
station is an assemblage of equipment installed for 
switching, changing, or regulating the voltage of 
electricity. The substations contain transformers and 
secondary switches that distribute the low-voltage 
levels (208 V — 480 V) to feeder panels, other sec- 
ondary transformers, and branch-circuit panels. See 
Figure 20-1. 
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NEC? Branch Circuit Voltage Limits 


The exact voltage level used to operate different 
loads in commercial applications depends on the 
load, the given application, and the NEC®. For safety 
reasons, the NEC places restrictions on the voltage 
level of some locations. For example, subsection 
210.6(A) of the NEC? limits the voltage level to 120 
V between conductors that supply lighting fixtures, 
cords, and plugs that connect loads up to 1440 VA 
(volt-amperes), and motors up to М HP in dwelling 
units and guest rooms of hotels, motels, and similar 
rooms of occupancies. For this reason, most lighting 
is standard 120 V incandescent or fluorescent fix- 
tures. Less chance exists for an individual to acci- 
dentally contact a fatal voltage when the voltage is 
limited to a low level. 


However, it is not practical to limit all circuits to 
a 120 V level. This is because the lower the voltage, 
the higher the current for any given power (wattage) 
rating. [Increasing the voltage level to reduce the cur- 
rent level allows for a more practical installation be- 
cause conductor size, conduit size, and switching 
equipment size is determined by the amount of cur- 
rent. Thus, higher voltage levels are allowed in com- 
mercial areas in which electrical circuits are serviced 
by qualified maintenance persons. For example, sub- 
section 210.6(C) of the NEC? allows voltage levels 
up to 277 V for incandescent lamps (equipped with 
mogul-base screw shell lampholders), fluorescent 
lamps, and HID lamps used in commercial applica- 
tions. Such lighting fixtures should not be serviced 
by nonqualified persons. 
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Distribution Systems 


Electrical power companies generate and distribute 
high-voltage 3ф power. However, commercial cus- 
tomers use low-voltage 36 and 16 power. For this 
reason, power companies use transformers to de- 
liver power to customers through different distri- 
bution systems. Power companies primarily use 16 
transformers connected in different combinations to 
deliver the correct power to customers. Three trans- 
formers (except in an open-delta system) are nor- 
mally interconnected for delivering 3 voltage to 
commercial customers. The exact voltage level is de- 
termined by customer needs and the utility company's 
existing system. 


Commercial power needs include the same needs 
as residential (1) and industrial (3) systems. Apart- 
ment buildings and offices require lighting and low- 
voltage 1 small appliance circuits that are similar 
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to residential buildings except on a much larger scale. 
Other commercial buildings, such as bakeries and 
restaurants, require about the same lighting and high- 
voltage 16 and 36 large appliance circuits as some 
industrial systems except on a smaller scale. Still 
other commercial systems, such as outdoor sports sta- 
diums, require a great number of large scale lighting 
circuits. 


The distribution system used varies based on the 
application, but a few common systems are used for 
most commercial applications. Common commercial 
distribution systems include 120/240 V, 16, 3-wire; 
120/208 V, 30, 4-wire; 120/240 V, 36, 4-wire; and 
277/480 V, 30, 4-wire services. 
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- 120/240 V, 10, 3-Wire Service use. For this reason, 120/240 V, 16, 3-wire service 

is the primary service used to supply most residential 
А 120/240 V, 1, 3-wire service is used to supply buildings. This service is also used for small com- 
power to customers that require 120 V and 240 V, mercial applications, although a large power panel 


1ф power. This service provides 120 V, 10; 240 V, is used (or there are additional panels). 
16; and 120/240 V, 16 circuits. The neutral wire is 
grounded, therefore it should not be fused or 
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In commercial wiring, small appliance usage in- 
cludes more than typical residential small appliance 
usage. This is because commercial appliance circuits 
include high-power devices such as copying ma- 
chines, commercial refrigerators, washers, etc., and 
different appliances such as hot tubs and saunas in 
hotels, automatic ice melting machines, heating ele- 
ments embedded in the concrete of entranceways, etc. 
Other commercial small appliance usage includes 
office computers, printers, motors less than 5 HP, 
cooking equipment, security equipment, large enter- 
tainment systems, hospital equipment, etc. In addi- 
tion to different appliances, commercial circuits often 
require duplication because there may be hundreds 
of rooms or offices at one location. 


NEC? Phase Arrangement and High Phase 
Markings 


Three-phase circuits include three individual un- 
grounded (hot) power lines. These power lines are 
referred to as phases A (L1), B (L2), and C (L3). 
Phases A, B, and C are connected to a switchboard or 
panelboard according to NEC subsection 408.3(E). 
The phases must be arranged A, B, C from front to 
back, top to bottom, and left to right, as viewed 
from the front of the switchboard or panelboard. See 
Figure 20-3. 


The high leg must be phase B and colored orange 
(or clearly marked) when the switchboard or panel- 
board is fed from a 120/240 V, 36, 4-wire service. 
This is because in this system, there are 195 V be- 
tween phase B and the neutral (grounded conductor). 
This is considered an unreliable source of power be- 
cause 195 V is too high for standard 115 V or 120 V 
loads and too low for standard 230 V or 240 V loads. 


120/208 V, 30, 4-Wire Service 


A 120/208 V, 36, 4-wire service is used to supply 
customers that require a large amount of 120 V, 16 
power; 208 V, 16 power; and low-voltage 36 power. 
This service includes three ungrounded (hot) lines 
and one grounded (neutral) line. Each hot line has 
120 V to ground when connected to the neutral line. 
See Figure 20-4. 


A 120/208 V, 36, 4-wire service is used to provide 
large amounts of low voltage (120 V, 10) power. The 


120 V circuits should be balanced to equally distrib- 
ute the power among the three hot lines. This is ac- 
complished by alternately connecting the 120 V 
circuits to the power panel so each phase (A to N, 
B to N, C to N) is divided among the loads (lamps, 
receptacles, etc.). Likewise, 208 V, 1$ loads such as 
208 V lamps and heating appliances should also be 
balanced between phases (A to B, B to C, C to A). 


Three-phase loads, such as heating elements de- 
signed to be connected to 3 power, can be connected 
to phases A, B, and C. Three-phase motors may also 
be connected to the 3d power lines. However, the 
applied 3$ voltage to the motor is only 208 V and 
may present a problem when using some 3 motors. 
This is because 208 V is at the lowest end of the 30 
voltage range. Any voltage variation on an AC in- 
duction motor affects motor operation. 
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with some 120 V and 240 V, 16 power. This service 
supplies 1$ power delivered by one of the three trans- 
formers and 36 power delivered by using all three 
transformers. The 19 power is provided by center 
tapping one of the transformers. See Figure 20-5. 
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(HOT) CONDUCTORS 
GROUNDED 
(NEUTRAL) 
CONDUCTOR 


PER NEC? 110.15 
HIGH LEG B MUST 
BE ORANGE 


A 240 V, 30 
LT CIRCUIT 
240 V, 10 
CIRCUIT 


120 V, 16 
N CIRCUIT 


С 


NOT USED 


SINGLE-POLE (SP) DOUBLE-POLE (DP) THREE-POLE (3P) 

OR 1-POLE OR 2-POLE OR 3-POLE 

120 V, 16 GENERAL- 240 V, 16 240 V, 30 

PURPOSE CIRCUITS CIRCUITS CIRCUITS 
Because only one transformer delivers all of the 16 nected to 39 power. Thus, in many commercial ap- 
power, this service is used in applications that require plications, the total amount of 16 power used is 
mostly 3$ power or 240 V, 16 power and some 120 V, small when compared to the total amount of 36 
19 power. However, large power-consuming electric power used. Each transformer may be center tapped 


loads (including most motors over 1 HP) are con- if large amounts of 1ф power are required. 
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277/480 V, 36, 4-Wire Service els are higher. This service includes three ungrounded 
(hot) lines and one grounded (neutral) line. Each hot 
line has 277 V to ground when connected to the neu- 

The 277/480 V, 30, 4-wire service is the same as the tral or 480 V when connected between any two hot 

120/208 V, 30, 4-wire service except the voltage lev- (A to B, B to C, or C to A) lines. See Figure 20-6. 


277/480 V, 3o, 4-WIRE SERVICE 


UTILITY 
POWER 
LINES 


UTILITY 
TRANSFORMER 
BANK 


GROUNDED 
(NEUTRAL) 
CONDUCTOR 


UNGROUNDED 
(HOT) CONDUCTORS 


480 V, 36 
CIRCUIT 


480 V, 10 
CIRCUIT 


M 
NC 277 V, 10 
N CIRCUIT 


ООООООООООООООООООО NEUTRAL 


ATOBTOC 


SINGLE-POLE (SP) DOUBLE-POLE (DP) THREE-POLE (3P) 
OR 1-POLE OR 2-POLE OR 3-POLE 


277 V, 10 480 V, 10 LIGHTING 480 V, 30 
LIGHTING CIRCUITS AND POWER CIRCUITS CIRCUITS 
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This service provides 277 V, 16 or 480 V, 16 
power, but not 120 V, 16 power. For this reason, 
277/480 V, 30, 4-wire service is not used to supply 
120 V, 16 general lighting and appliance circuits. 
However, this service can be used to supply 277 V 
and 480 V, 16 lighting circuits. Such high-voltage 
lighting circuits are used in commercial fluorescent 
and HID (high-intensity discharge) lighting circuits. 


A system that cannot deliver 120 V, 1d power ap- 
pears to have limited use. However, in many com- 
mercial applications (sport complexes, schools, 
offices, parking lots, etc.), lighting is a major part 
of the electrical system. Because large commercial 
applications include several sets of transformer 
banks, 120 V, 1$ power is available through other 
transformers. Additional transformers can also be 


480 V STEP-DOWN 
TRANSFORMER 


250 W HIGH-PRESSURE 
SODIUM LAMP 


connected to the 277/480 V, 36, 4-wire service to 
reduce the voltage to 120 V, 16. See Figure 20-7. 


A typical 120 V, 250 W high-pressure sodium lamp 
has an operating current of 2.70 A; a 240 V, 250 W 
lamp draws 1.36 A; and a 480 V, 250 W lamp draws 
.65 A. Thus, the higher the rated lamp voltage, the 
less operating current required. A different number 
of 250 W lamps may be connected with other lamps 
of the same wattage rating to a 15 A circuit. The 
number varies based on the applied voltage. See Fig- 
ure 20-8. 


ен N. ever connect the primary neutral (high-volt- І 
age side) to the secondary neutral (low-voltage | 
side) because the transformer may burn out. ~ 


"E EE 


| 
Operating | 


Lamp Fixture Starting 
Voltage* Current** Current** 


120 1.60 2.70 
208 1.50 
240 1.36 
277 
480 

“inv 

тА 


‚95 

185 

.70 ists 
umma ч 


250 W HIGH-PRESSURE SODIUM 
LAMP CIRCUITS 


Voltage Variation Effects on AC Motors 


All motors are designed to operate at a given (name- 
plate rated) voltage. A motor operates if the voltage 
varies below or above the rated voltage, but there is 
a change in the motor's performance. Normally, the 
applied voltage should be within +10% of the motor’s 
rated voltage. See Figure 20-9. 


A motor delivers less torque and operates at a 
higher temperature when connected to a voltage 
source lower than the motor's rated voltage. How- 
ever, this does not adversely effect the motor unless 
the motor is operating in an application that re- 
quires it to deliver full-rated power. In such appli- 
cations, the motor size and/or the delivered voltage 
must be increased. 


e 
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H 


i 


iM ERR 


loaded. The higher the overload, the greater the | 
voltage drop. i 


Wa former begins to drop if the transformer is over- | 


[icm immitis 


Voltage Variation Effects on Heating 
Elements 


Voltage is applied to heating elements to produce 
heat. Single-phase voltage is used for small heating 
applications and 3 voltage is used for large com- 
mercial applications. See Figure 20-10. 


1 | TECH The voltage on the secondary side of a trans- i 
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INDUCTION MOTOR PERFORMANCE 
CHANGES* 


Starting and 
maximum 
running 


Speed** 
Synchronous 
Full load 
Percent slip 


Increase 2196 Decrease 1996 


No change 
Increase 196 
Decrease 17% 


No change 
Decrease 1.596 
Increase 2396 


Efficiency 
Full load 
34 load 
15 load 


Increase .5 to 1 | Decrease 2 
Little change Little change 
| Decrease 1 to 2 | Increase 1 to 2 


| Power Factor 


Full load 
34 load 
1 load 


Decrease 3 Increase 1 
Decrease 4 Increase 2 to 3 
Decrease 5 to 6 | Increase 4 to 5 


Current 


Starting Increase 10% | Decrease 10% 
to 12% to 12% 


Full load Decrease 796 Increase 1196 


Temperature | Decrease 3?C | Increase 6°C 
Rise to 4?C to 7°C 


Maximum 
Overload 
Capacity 


Megnet Slight increase | Slight decrease 
Noise 


* 2-, 4-, 6-, and 8-pole motors 
** speed of AC induction motors varies directly with frequency 


Increase 2196 Decrease 1996 


AC MOTOR THERMALLY PROTECTED 


MOD 38DKLXX24 | VOLTAGE 
HP 1/3 CONNECTIONS 


V 115/230 


SF 1.35 
FR 56 
INSUL 


A NEMA 
CLASS DESIGN 


Е 


CCW ROTATION AS SHOWN, TO REVER 
| ROTATION INTERCHANGE BLACK & RE 


GROUND IN ACCORDANCE WITH LOCAL AND 
IONAL ELECTRICAL CODES. 
KEEP FINGERS AND FOREIGN OBJECTS AWAY 
FROM OPENINGS AND ROTATING PARTS. 


LUBRICATION: AFTER 3 YRS NORMAL. OR 1 YR HEAVY DUTY 
SERVICE ADD OIL ANNUALLY. USE ELECTRIC MOTOR OR SAE 10 OIL, 
MADE IN U.S.A. 


MOTOR NAMEPLATE 
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HEATING ELEMENT CONTROL 


PROCESS 


TEMPERATURE SWITCH 


TEMPERATURE HEATING 
SWITCH CONTACTOR 
COIL 


CONTROL CIRCUIT 


= 
Y 


HEATING ELEMENT 


POWER CIRCUIT p 


ae —— 
TO 39 AC POWER 


ON/OFF CONTROL 


9 


PROCESS 


MILLIVOLT SIGNAL 


TO CONTROLLER 
FIRING 


PACKAGE 


TEMPERATURE 
CONTROLLER 


MILLIAMP 
SIGNAL 


CONTROL CIRCUIT 


Qe, 


HEATING ELEMENT " А 
POWER CIRCUIT as 
Q Q (2 


SCR POWER 
CONTROLLER 


aeaa 
TO 30 AC POWER 


VARIABLE CONTROL 


Any variation in applied voltage to a heating ele- 
ment increases or decreases the amount of heat pro- 
duced. However, unlike motors, varying the voltage to 
heating elements is often done intentionally. The 
heating element output (amount of heat) can be re- 
duced, and thus controlled, by reducing the applied 
voltage. Reducing the applied voltage to heating ele- 
ments does not harm the heating elements. An SCR (sili- 
con controlled rectifier) circuit may be used to set and 
maintain the amount of heat output. 


Voltage Variation Effects on Lamps 


The effects of voltage variations on a lamp depend 
on the lamp used. The voltage on incandescent lamps 
can vary from 0 V to 10% higher than the lamp’s 
rated voltage. As the voltage is reduced, the lamp's 
output is reduced (lamp dims). Adjusting the voltage 
applied to an incandescent lamp is the basic principle 
of incandescent lamp dimmers. 


Unlike incandescent lamps, HID lamps must be 
operated within a closer voltage range. Low-wattage 
bulbs (up to 200 W) should have an applied voltage 
within #5% of the lamp fixture's rating. Lamps over 
200 W should have an applied voltage within +10% 
of the lamp fixture's rating. 


Fluorescent lamps are available in many different 
styles. In general, fluorescent lamps should have an 
applied voltage that is within +5% of the lamp fix- 
ture's rating. Check manufacturer's specifications for 
voltage variations greater or less than 5%. 


CIRCUIT CONDUCTOR COLOR CODING 
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Conductor Identification - Color Coding 


Conductors (wires) are covered with an insulating 
material that is available in different colors. The ad- 
vantage of using different colors on conductors is 
that the function of each conductor can be easily de- 
termined. Some colors have definite meaning. For 
example, the color green always indicates a conduc- 
tor used for grounding. Other colors may have more 
than one meaning depending on the circuit. For ex- 
ample, a red conductor may be used to indicate a 


‘hot wire in a 230 V circuit or switched wire in a 


115 V circuit. See Figure 20-11. 


WHITE 


10/2 WITH GROUND TYPE UF 600 V SUNLIGHT RESISTANT E25682F (UL) | 


BLACK 


GREEN, GREEN WITH YELLOW STRIPE, OR BARE 


WHITE 
(NEUTRAL) 
WIRE 


RED 
(HOT) 
WIRE 


120/240 V, 10, 3-WIRE WYE 


BLUE (HOT) WIRE 


BLACK (HOT) WIRE 


RED (HOT) WIRE 


240 V, 30, 3-WIRE DELTA 


ORANGE (HOT) WIRE 
(NEC® 215.8) 


BLACK (HOT) WIRE 


WHITE (NEUTRAL) WIRE 


= RED (HOT) WIRE 


F 0-11 | 120/240 V, 30, 4-WIRE DELTA 
BL m З 


BLACK (HOT) WIRE 
WHITE (NEUTRAL) WIRE 


RED (HOT) WIRE 
BLUE (HOT) WIRE 


120/208 V, 30, 4- WIRE WYE 


BROWN (HOT) WIRE 
WHITE (NEUTRAL) WIRE 


ORANGE (HOT) WIRE 


YELLOW (HOT) WIRE 


277/480 V, 3o, 4- WIRE WYE 


YELLOW (HOT) WIRE 
BROWN (HOT) WIRE 


/- ORANGE (HOT) WIRE 


480 V, 30, 3-WIRE DELTA 
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Conductor color coding makes balancing loads 
among the different phases easier and aids when trou- 
bleshooting. For this reason, conductor color coding 
is also used in applications that do not require every 
conductor to be color coded. Always use standard 
colors (green, white, black, etc.) where applicable. 


Green or green with a yellow stripe is the standard 
color for a grounding conductor in the electrical field. 
A solid green conductor is the most common color 
used for grounding conductors. Green is used to in- 
dicate a grounding conductor regardless of the volt- 
age level (115 V, 230 V, 460 V, etc.) or circuit (16 
or 36). A grounding conductor is a conductor that 
does not normally carry current, except during a fault 
(short circuit). 


The color white or natural gray is used for the 
neutral (grounded circuit) conductor. A neutral con- 
ductor is a current-carrying conductor that is inten- 
tionally grounded. Neutral conductors carry current 
from one side of a load (lamp, heating element, mo- 
tor, etc.) to ground. Neutral conductors are connected 
directly to loads and never connected through fuses, 


circuit breakers, or switches. The conductor colors 
green (or green with yellow stripe) and white (or 
natural gray) are required per NEC? Article 210.5. 


Electrical circuits include ungrounded (hot) con- 
ductors in addition to grounding and neutral conduc- 
tors. An ungrounded conductor is a current-carrying 
conductor that is connected to loads through fuses, 
circuit breakers, and switches. Ungrounded conduc- 
tors can be any color other than white, natural gray, 
green, or green with yellow stripe. Black is the most 
common color used for ungrounded conductors. 
Red, blue, orange, and yellow are also used for 
ungrounded conductors. Although such colors as 
red, blue, orange, and yellow are used to indicate a 
hot conductor, the exact color used to indicate dif- 
ferent hot conductors (A [L1], B [L2], and C [L3] 
in a 3 system) may vary. The one exception to this 
is listed in NEC Article 215.8. This Section states 
that in a 4-wire delta-connected secondary system, 
the higher voltage phase should be colored orange 
(or clearly marked) because it is too high for low 
voltage 16 power and too low for 1ф low voltage. 
See Figure 20-12. 


CONDUCTOR COLOR CODING COMBINATIONS 


| 
One black (hot wire), one white (neutral wire), and one green 
(ground wire) 
120/240 io, Зан аЙ Опе black (one hot wire), one red (other hot wire), one white 
(neutral wire), and one green (ground wire) 


120/208 30, 4-wire муе with ground 


Ne | 


LOCA de. eee 


16, 2-wire with ground 


One black (phase 1 hot wire), one red (phase 2 hot wire), 
one blue (phase 3 hot wire), one white (neutral wire), and 
one green (ground wire) 


ade х One black (phase 1 hot wire), one red (phase 2 hot wire), 
29, 92M o deta EG one blue (phase 3 hot wire), and one green (ground wire) 


120/240 36, 4-wire delta with ground 
277/480 36, 4-wire муе with ground 


nV 


One black (first low phase hot wire), one red (second low 
phase hot wire), one orange (high phase leg wire), one white 
(neutral wire), and one green (ground wire) 


One brown (phase 1 hot wire), one orange (phase 2 hot 
wire), one yellow (phase 3 hot wire), one white (neutral wire), 
and one green (ground wire) 


One brown (phase 1 hot wire), one orange (phase 2 hot 
480 36, 3-wire delta with ground | wire), one yellow (phase 3 hot wire), and one green (ground 
wire) 
"i 


Conductor Identification - Wire Markers 


Hot conductors ір a 3 system may be identified with 
other types of markings in addition to color coding. 
For example, a 3 system may use three black con- 
ductors for each of the three hot (A, B, and C) con- 
ductors and identification markings for each 
conductor. 


One band of colored (red, yellow, etc.) electri- 
cian's tape may be placed around the line one (L1) 
black conductor when marking 3$ hot conductors. 
Likewise, two bands of colored electrician's tape may 
be placed around the line two (L2) black conductor, 
and three bands of colored electrician's tape may be 
placed around the line three (L3) black conductor. 


Wire markers may be used in place of tape bands. 
A wire marker is a preprinted peel-off marker de- 
signed to adhere when wrapped around a conductor. 
Wire markers resist moisture, dirt, oil, etc. and can 
be used to identify conductors of the same color that 
have different meanings. For example, the three hot 
black conductors (L1, L2, апа L3) in a 36 system 
can each be marked with a different numbered wire 
marker. Wire markers can still be used even when 
different colored conductors are used. Using wire 
markers in addition to color coding further clarifies 
the meanings of the conductors. See Figure 20-13. 


Receptacles 


Power is delivered to convenient locations by recep- 
tacles (outlets). Receptacles have different configura- 
tions so only matching plugs can be connected to 
them. This system prevents the connection of equip- 
ment to the wrong source of power. For example, a 
125 V, 15 A plug cannot be connected to a 
125/250 V, 50 A receptacle. Likewise, a 125/250 V 
plug cannot be connected to a 125 V, 15 A receptacle. 
See Figure 20-14. 


Receptacles and plugs may be nonlocking or lock- 
ing. Nonlocking plugs fit into nonlocking receptacles 
in a firm but nonlocking manner. Locking plugs fit 
into locking receptacles by firmly inserting and twist- 
ing to lock in place. Once locked, locking plugs can- 
not be pulled out without first twisting them. Because 
appliances and machines come in different voltage 
and current sizes, plugs and receptacles come in 
many different sizes. See Appendix. 
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CONDUCTOR MARKING 


BANDS OF 
COLORED 
ELECTRICIAN'S 


PHASE A 
CONDUCTOR 


PHASE B 
CONDUCTOR 


PHASE C 
CONDUCTOR 


i 


PHASE A 
CONDUCTOR 


PHASE B 
CONDUCTOR 


PHASE C 
CONDUCTOR 


WIRE MARKERS 


WIRE MARKERS MAY BE 
USED IN ADDITION TO 
CONDUCTOR COLOR 
CODING 


Commercial Lighting Systems 


Outdoor commercial lighting is required for parking 
lots, entranceways, sports complexes, airports, build- 
ings, piers, yards, storage areas, etc. Outdoor commer- 
cial lighting systems may use low- or high-pressure 
sodium, metal-halide, or mercury-vapor lamps in 
voltages of 120 V, 208 V, 240 V, 277 V, or 480 V. 
Power ratings range from 35 W to above 1500 W. 
Indoor commercial lighting is required for all general 
rooms of occupancy, halls, restrooms, work areas, 
etc. Indoor commercial lighting systems may use in- 
candescent, halogen, or fluorescent lamps in voltages 
oLuE20. V, 208 V, 220 V 240- V; or 277 V. 
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PLUG/RECEPTACLE CONFIGURATIONS 


WHITE WIRE BLACK WIRE 


GREEN WIRE 
(OR BARE WIRE) 


RECEPTACLE PLUG 
UU И 


С = GROUND 
W = WHITE 
B = BLACK 


GREEN OR GREEN WITH YELLOW STRIPE 
z GROUND WIRE 


WHITE OR NATURAL GRAY 
= GROUNDED WIRE 


BLACK = UNGROUNDED (HOT) WIRE 


125 V, 15 A, 3-WIRE GROUNDED RECEPTACLE 


BLACK WIRE 


А С WIRE 


* 
Y Л 
Ф D 
^ 
б 
n Q 
е КТШ" тет 
МР, = 
Е; ў Y 


WHITE WIRE 


mE 


GREEN WIRE 
(OR BARE WIRE) 


RECEPTACLE pes PLUG 
Ww 
( T 
+ M 


G = GROUND 

W = WHITE 

X = HOT (BLACK) 
Ү = HOT (RED) 


= GROUNDED WIRE 


BLACK = UNGROUNDED 
(HOT) WIRE 


RED = UNGROUNDED 
(HOT) WIRE 


GREEN OR GREEN WITH 
YELLOW STRIPE 
= GROUND WIRE 


125/250 V, 50 A, 4-WIRE GROUNDED RECEPTACLE 


Power ratings range from almost any size up to 
300 W for incandescent and 15 W to 215 W for fluo- 
rescent lamps. Commercial lighting also includes 
lighting for information (signs and advertising), ef- 
fect (stage lighting, black lights, etc.), and function 
(heat lamps, germicidal lamps, etc.). Informational 
commercial lighting systems may use incandescent or 
fluorescent lamps in voltages of 120 V and 277 V. 
Power ratings vary based on size of the sign. See 
Figure 20-15. 


Lamps are used to produce light. A lamp is an 
output device that converts electrical energy into 
light. The amount of light a lamp produces is ex- 
pressed in lumens. A lumen (Im) is the unit used to 
measure the total amount of light produced by a light 
source. The more lumens produced by a light source 
per watt of power used, the more efficient the light 
source is in producing light. For example, a standard 
40 W incandescent lamp produces about 480 Im (or 
12 Im/W), and a standard 40 W fluorescent lamp pro- 


duces about 3100 1m (or 77.5 Im/W). Thus, a 40 W 
fluorescent lamp source is more light-efficient than 
a 40 W incandescent lamp. The amount of lumens 
produced per watt varies depending on the wattage 
rating of the lamp. Manufacturer's specification sheets 
are used when determining exact energy efficiency for 
a given lamp. For example, a 100 W standard high- 
pressure sodium lamp produces 7800 Іт or 78 Im/W. 
See Figure 20-16. 


COMMERCIAL LIGHTING APPLICATIONS 


INDOOR 


" 


OUTDOOR 


+ 


First Aid 


No Entry Phone Fire Hose 


INFORMATIONAL 


— OR BR ER Мам тиит PANETE ИЗИ зарлар тилечи зм 


Г 

; | TECH Lamp poles should be spaced at a maximum | 
iy TIP of 2 times their mounting height from the edge | 
| of an area to be lit and 4 times their mounting || 


height from any adjacent lamp pole. 
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STANDARD HIGH-PRESSURE SODIUM 
LAMP CHARACTERISTICS 


177,000 107 


| Figure 20-16 | 


The light produced by a light source causes illu- 
mination. ///umination is the effect that occurs when 
light falls on a surface. The unit of measure of illu- 
mination is the footcandle. A footcandle (fc) is the 
amount of light produced by a lamp (lumens) divided 
by the area that is illuminated. The amount of foot- 
candles required for any given area varies depending 
on the application. See Figure 20-17. 


Additional factors may be considered when deter- 
mining the required amount of footcandles for a given 
application. For example, the size of the object to 
be viewed, the speed of a moving object, the reflec- 
tiveness of the surrounding surfaces, and the age of 
the viewer all affect the amount of total light re- 
quired. Small objects are harder to see and require 
more light than large objects. The eye requires time 
to adjust and view an object when the object is mov- 
ing. Fast moving objects require more light than slow 
moving objects. 


In general, older people need more light for 
proper viewing. The surface on which an object is 
viewed must also be considered when determining 
the required amount of light. For example, the 
words on a textbook page are placed on a white 
paper background which has a reflectance of ap- 
proximately 80%. 
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RECOMMENDED LIGHT LEVELS 


ILLU 


Ranges of Шитіпапсеѕ“ 


Illumination 
Category 


ШШ чыш" 


Activity 


Public spaces with dark surroundings 


Simple orientation for short temporary 
visits 


Working spaces where visual tasks are 
only occasionally performed 


Performance of visual tasks of high 
contrast or large size 


Performance of visual tasks of medium 
contrast or small size 


Performance of visual tasks of low 
contrast or very small size 


Performance of visual tasks of low 
contrast and very small size over a 
prolonged period 


Correction Factor 
Characteristics 
Low Value Average High Value 
Value 
Reflective Absorbent 


Brightness is the perceived amount of light reflect- 
ing from an object. Brightness depends on the amount 
of light falling on an object and the reflecting ability 
of the object. The object appears to have a uniform 
brightness if it is uniform and equally illuminated. 
However, most objects are not uniform nor equally 
illuminated so they appear to have varying degrees 
of brightness (shadows). Brightness is described as 


Performance of prolonged and exacting 
visual tasks 


Performance of special visual tasks of 
extremely low contrast and small size 


High 
Value 


Speed and/or 
accuracy 


“perceived” because the eye is constantly adjusting 
to the amount of brightness. For example, when walk- 
ing into a dark room, many objects cannot be seen, 
However, as the eyes adjust to the darkness, objects 
start appearing in more detail. 

Likewise, glare takes place when there is too much 
brightness. Glare is reduced when the brightness is 
reduced and/or the eye reduces (squinting) the 


amount of light received. Proper lamp spacing, num- 
ber of lamps, and size (wattage) determines the even- 
ness of the brightness. Contrast is the ratio of 
brightness between different objects. For example, 
the black-on-white letters on a printed page have a 
high contrast. However, black-on-gray letters have a 
low contrast. High contrast is helpful when distin- 
guishing outlines and small objects. Contrast between 
surfaces is sharpened by greater brightness and/or 
contrasting surfaces. See Figure 20-18. 


BRIGHTNESS/CONTRAST 


HIGH DEGREE 
OF E | 


LOW DEGREE 
OF BRIGHTNESS 


CORRECT LAMP SPACING 


INCORRECT 
LAMP SPACING 


30 25 30 25 30 


FOOTCANDLES FOOTCANDLES 


UNEVEN 


EVEN 
BRIGHTNESS BRIGHTNESS 


HIGH CONTRAST HELPS 
DISTINGUISH DETAILS AND 
MAKES READING EASIER 


LOW 
CONTRAST 


HIGH CONTRAST 
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Incandescent Lamps 


Incandescent lamps are the most widely used lamps 
in the world. An incandescent lamp is an electric 
lamp that produces light by the flow of current 
through a tungsten filament inside a sealed glass bulb 
sometimes filled with a gas. Incandescent lamps have 
a low initial cost and are simple to install and service. 
These lamps have a lower electrical efficiency and 
shorter life than other lamps. See Figure 20-19. 


INCANDESCENT LAMPS 


TUNGSTEN 


FILAMENT vC 


z^ 


GAS E 


BUTTON 
LEAD-IN 
WIRES —~_ 


D 


EXHAUST 
TUBE 


* for standard “A” incandescent light bulb 
** in W 
"USE пип 


An incandescent lamp operates as current flows 
through the filament. A filament is a conductor with 
a resistance high enough to cause the conductor to 
heat. The filament glows white-hot and produces 
light. The filament is made of tungsten which limits 
the current to a safe operating level. 
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Inrush current is higher than operating current be- 
cause the filament has a low resistance when cold. This 
high inrush current, when first switched ON, is the ma- 
jor cause of most incandescent lamp failures. The air 
inside the bulb is removed before the bulb is sealed. 
This prevents oxidation of the filament. The filament 
burns out quickly if oxygen is present. A gas mixture 
of nitrogen and argon is placed inside most incan- 
descent bulbs to increase the life of the lamp. 


; | TECH Use a fiberglass-reinforced lamp fixture in \ 
Н ТІР hostile environment areas (salt water, oil, | 
i sulfuric acid, steam, sodium hydroxide, hy- 


drochloric acid, etc.). 
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Incandescent Lamp Bases 


The base of an incandescent lamp holds the lamp 
firmly in the socket and connects electricity from the 
outside circuit to the filament. The ends of the fila- 
ment are brought out to the base. The base simplifies 
the replacement of an incandescent lamp. Most in- 
candescent lamp bases are threaded with a knuckle 
thread. A knuckle thread is a rounded thread normally 
rolled from sheet metal and used in various forms 
for electric bulbs and bottle caps. The standard in- 
candescent lamp base has right-hand threads that al- 
low removal of the lamp by turning counterclockwise 
(CCW) and installation by turning clockwise (CW). 


The base of a lamp is used to hold the lamp in 
place and to connect the bulb to power. The size of 
the bulb and its current rating normally determine 
the type of base used. The two basic base configu- 
rations are bayonet and screw bases. 


Small lamps are fitted with bayonet bases. A bayo- 
net base is a bulb base that has two pins located on 
opposite sides. The pins slide into slots located in 
the bulb’s socket. The advantage of a bayonet base 
is that it firmly holds the bulb. Bayonet base bulbs 
are used in applications that have high vibration, such 
as sewing machines and automobile lighting. 


Screw bases are used in low-vibration applica- 
tions. The medium screw and mogul screw are the 
most common bases used for general lighting service 
lamps. The medium screw base is normally used for 
bulbs up to 300 W. The mogul screw base is normally 
used for bulbs over 300 W. The miniature and can- 
delabra bases are used for low-wattage bulbs, par- 
ticularly the decorative types. See Figure 20-20. 
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Incandescent Lamp Bulb Shapes 


Bulb sizes and shapes are determined by the end use 
of the lamp. For any given wattage rating, the larger 
the bulb, the greater the cost. Large bulbs produce more 
light over time because the large bulb produces less 
blacking of the glass. This is because there is a large 
area over which the vaporized tungsten burning off the 
filament can dissipate. Bulb shape and size is deter- 
mined by economics, esthetics, and performance. 


Incandescent lamp bulbs are available in a variety 
of shapes and sizes. See Figure 20-21. Bulb shapes 
are designated by letters. The most common bulb 


shape is the “А” bulb. The “А” bulb is used for most 
residential and commercial indoor lighting applica- 
tions. The “А” bulb is normally available in sizes 
from 15 W to 200 W. 


INCANDESCENT LAMP BULB SHAPES 
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Two common variations of the “А” bulb are the 
“PS” and the “Р” bulbs. The “PS” bulb has a longer 
neck than the “A” bulb. The “PS” bulb is available 
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in sizes from 150 W to 2000 W and is used for com- 
mercial and industrial lighting applications. The “Р” 
bulb has a shorter neck than the “А” bulb and is used 
in indoor lighting applications that require a smaller 
bulb than the “А” bulb. 

Other bulbs are used for decorative or special-pur- 
pose applications. The *C" bulb is designed to with- 
stand moderate vibration and is used in sewing, 
washing, and other machines. The “В,” “Е and “С” 
bulbs are used for decorative applications and are 
normally of low wattage. They are used for lighting 
applications in which the bulb is clearly seen, such 
as chandeliers, lamps, and mirrors in washrooms. 

The *PAR" bulb is normally used as an outdoor 
spotlight. Floodlights normally use a reflector 
“К” bulb (indoors), or “РАК” bulb (outdoors). 
The "PAR" bulb is preferred outdoors because its 
shape allows for a more watertight seal. The “К” 
bulb is also used as a decorative light. Its high 
wattage is useful for applications such as show- 
room displays and advertising boards. A spotlight 
is a lamp that casts intensive light in a localized area. 
A floodlight is a lamp that casts general light over 
a large area. See Figure 20-22. 
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The “S” bulb is a straight bulb that is normally 
used in sign applications. The "T" bulb is a tubular 
decorative light that is used on display cabinets. “Т” 
bulbs containing bayonet bases are used in high vi- 
bration applications such as automobile lighting. 
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Incandescent Lamp Sizes and Ratings 


The size of an incandescent lamp is determined by 
the diameter of the lamp's bulb. The diameter of a 
bulb is expressed in eighths of an inch (V$"). For 
example, an A-21 bulb is 21-eighths (24%”) or 25%” 
in diameter at the bulb’s maximum dimension. A 
scale calibrated in eighths is used to measure the 
size of a lamp. The scale is placed at the largest 
diameter of the bulb. See Figure 20-23. 
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The power rating of incandescent lamp bulbs is 
given in watts. A watt (W) is equal to the power 
produced by a current of 1 A across a potential dif- 
ference of 1 V. 


To calculate power, apply the formula: 
poop 

where 

P = power (in W) 

E - voltage (in V) 

I = current (in A) 


Example: Calculating Power 


How many watts are produced by a 120 V bulb 
pulling .5 A? 


Р= ЕхІ 
Ja = A x 5 
P = 60 W 


The higher the wattage rating, the larger the 
amount (lumens) of light produced. However, the 
amount of light produced by an incandescent lamp 
is not directly proportional to the wattage rating. The 
higher the wattage rating, the more lumens per watt 
output delivered by the bulb. See Figure 20-24. 
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Tungsten-Halogen Lamps 


A tungsten-halogen lamp is an incandescent lamp 
filled with a halogen gas (iodine or bromine). The 
gas combines with tungsten evaporated from the fila- 
ment as the lamp burns. Tungsten-halogen lamps are 
used for display lighting, outdoor lighting, and in pho- 
tocopy machines because they produce a large amount 
of light instantly. A tungsten-halogen lamp lasts 
about twice as long as a standard incandescent lamp. 


Tungsten-halogen lamp wattages range from 15 W 
to 1500 W. However, because they are not as widely 
used as the standard incandescent lamp, they are not 
available in as wide a selection of bulb sizes and 
wattages. For example, incandescent lamps are 
available in standard wattages of 2, 3, 6, 7, 10, 
13, 15, 18, 20; 25, 30, 33710. 45. S etc. TOES 
sten-halogen lamps are available in standard wattages 
of 15, 25, 50, etc. 


Care must be taken when replacing a burned-out 
tungsten-halogen lamp. Ensure that all power is OFF 
because a high temperature is produced when the 
lamp is turned ON. The bulb is made of quartz to 
withstand the high temperature of the lamp. High- 
wattage tungsten-halogen lamps are available in “Т” 

r "PAR" bulbs. The replacement cost is about 
three times the cost of an incandescent lamp. See 
Figure 20-25. 
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Fluorescent Lamps 


A fluorescent lamp is a low-pressure discharge lamp 
in which ionization of mercury vapor transforms ul- 
traviolet energy generated by the discharge into 
light. The bulb contains a mixture of inert gas (nor- 
mally argon and mercury vapor) which is bom- 
barded by electrons from the cathode. This provides 
ultraviolet light. The ultraviolet light causes the fluo- 
rescent material on the inner surface of the bulb to 
emit visible light. 


Commercial Circuits 347 


To improve energy efficiency and color rendering, 
some bulbs are double coated. In the double-coated 
bulb, a layer of rare earth phosphors (red, blue, and 
green) are added to a layer of conventional phos- 
phors. This combination makes the bulb more expen- 
sive, but produces more vivid color rendering. 
Manufacturers offer colored bulbs that may be used 
for a desired effect. 


A fluorescent lamp consists of a cylindrical glass 
tube (bulb) sealed at both ends. Each end (base) in- 
cludes a cathode that supplies the current to start 
and maintain the arc. A cathode is a tungsten coil 
coated with electron-emissive material which re- 
leases electrons when heated. 


The cathode in each end is constructed to allow 
conduction in either direction. Conduction in either 
direction allows the lamp to be operated on alternat- 
ing current. The cathode is normally made of coiled 
tungsten wire and coated with a material that emits 
electrons. The cathode emits electrons as long as 
power is applied. See Figure 20-26. 
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Standard fluorescent lamps vary in diameter from 


IT LAMP BASES 
3" to 21%” and in length from 6" to 96". The overall FLUORESCEN 


diameter of the lamp is designated by a number that Te 
indicates eighths of an inch. The most common size CONE ЧЕ ar | К 

is the 40 W lamp, which is designated Т-12 and has CATHODES 

a length of 48". The T-12 is 11^" in diameter (12 x RECESSED 

Vg" = 114”). See Figure 20-27. . DOUBLE CONTACT 
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Fluorescent lamp holders are designed for various T-12/HO 
: (High output) € 
types of lamp bases. The base is used to support the 


lamp and provide the required electrical connections. T-12/VHO 
Fluorescent lamps that use preheat or rapid-start cath- “ЖА Ug 6400 
odes require four electrical contacts (pins). The four 

connections are made by using a bi-pin base at either (SERI. 
end. Three standard types of bi-pin bases are mini- 

ature bi-pin, medium bi-pin, and mogul bi-pin. In- 
stant-start fluorescent lamps require a single pin at 
each end of the lamp. See Figure 20-28. 


75 6150 


А compact fluorescent lamp is a fluorescent lamp 
that has a smaller diameter than a conventional fluo- 
rescent lamp and a folded bulb configuration. Compact 
fluorescent lamps provide high light output in much 
smaller sizes than conventional fluorescent lamps. 


Compact fluorescent lamps are available with no 
ballast or with an integrated ballast. Compact fluo- 
rescent lamps containing no ballasts have standard 
fluorescent lamp bases and are connected to standard 
fluorescent lamp circuits. Compact fluorescent lamps 
with an integrated ballast are available with standard 
incandescent lamp bases and are connected to stand- 
ard incandescent lamp circuits. 


Compact fluorescent lamps are available in a wide 
variety of sizes and output ratings. Compact fluores- 
cent lamps provide increased energy savings com- 
pared to incandescent lamps of comparable light 
output. Compact fluorescent lamps have an average 
rated life of 10,000 hr. For this reason, they require 
less replacement than incandescent lamps. Compact 
fluorescent lamps are more expensive than incandes- 
cent lamps, but, due to their long life, they can pro- 
vide the same lumens as incandescent lamps at nearly 
one-fourth the cost. 


Fluorescent bulbs do not start well in cold climate 
conditions because the electrons released by the 
heated cathode are thermally released. The colder the 
bulb, the longer the time required to heat the cathode 
and release electrons into the mercury vapor. Even 
after the bulb is turned ON, it delivers less light in 
cold climate conditions as low temperatures affect 
the mercury-vapor pressure inside the bulb. The 
colder the bulb, the less the light output. 


Standard indoor fluorescent lamps are designed to 


deliver a peak light output under approximately 75?F 
ambient temperature conditions. See Figure 20-29. 


The 75?F ambient temperature is considered to be 
room temperature for most fluorescent lamp instal- 
lations. However, if some temperature other than the 
standard room temperature is used to rate the lamp, 
the manufacturer normally lists a luminaire tempera- 
ture. Luminaire temperature is the temperature at 
which a lamp delivers its peak light output. 


Moderate changes in ambient temperature (50°F 
to 105?F) have little effect (less than 1096) on light 
output. Temperatures lower than 50°F or higher than 
105?F have a greater effect on light output. 

To help hold the heat, outdoor rated fluorescent 


lamps include an outer glass jacket. The jacket helps 
hold in heat which shifts the peak output to a lower 
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ambient temperature point. Jacketed lamps are avail- 
able with different peak output points. Jacketed 
lamps are recommended for many outdoor applica- 
tions and certain indoor applications such as freezer 
warehouses, subways, and tunnels where cold and 
windy conditions exist. 
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AND BULB TYPE USED 


Fluorescent lamp bulbs that produce different 
shades of colors are available. The shade of color 
produced by a fluorescent bulb helps produce a cer- 
tain environment. Fluorescent bulbs are available for 
cool, moderate, and warm environments. 


Cool Environments 


Cool white or light white fluorescent bulbs produce 
a pale blue-green whiteness. They are used to en- 
hance blues and greens. This bulb is suggested for 
high lighting areas, such as industrial and commercial 
work spaces. It is also used in marketing displays to 
make people and merchandise look more attractive 
and natural. 


Moderate Environments 


White fluorescent bulbs produce a very pale yellow- 
whiteness. White fluorescent bulbs may also be la- 
beled as natural or daylight. They are used to produce 
a light environment midway between the blueness of 
cool white and the yellowness of warm white. White 
fluorescent bulbs are used in areas where a more neu- 
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tral effect is desired. For example, white fluorescent 
bulbs are used in supermarkets, libraries, classrooms, 
and where fluorescent lighting is mixed with incan- 
descent lighting. 
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Warm Environments 


Warm, white fluorescent bulbs produce a more yel- 
low-whiteness. They are used to give a warm feeling 
and enhance brighter colors. This bulb type is sug- 
gested for low lighting levels. For example, restau- 
rants may use warm, white fluorescent bulbs to help 
set a particular mood they wish to create. 


Preheat Circuits 


A preheat circuit is a fluorescent lamp-starting circuit 
that heats the cathode before an arc is created. Preheat 
circuits are used in some low-wattage lamps (4 W 
to 20 W) and are common in desk lamps. 


A preheat circuit uses a separate starting switch 
that is connected in series with the ballast. The elec- 
trodes in a preheat circuit require a few seconds to 
reach the proper temperature to start the lamp after 
the starting switch is pressed. See Figure 20-30. 


The opening of the starting switch breaks the path 
of current flow through the starting switch. This 
leaves the gas in the lamp as the only path for current 
to travel. A high-voltage surge is produced by the 
collapsing magnetic field as the starting switch is no 
longer connected to power. This high-voltage surge 
starts the flow of current through the gas in the lamp. 
Once started, the ballast limits the flow of current 
through the lamp. 


Instant-Start Circuits 


An instant-start circuit is a fluorescent lamp-starting 
circuit that provides sufficient voltage to strike an 
arc instantly. The instant-start circuit was developed 
to eliminate the starting switch and overcome the 
starting delay of preheat circuits. An arc strikes with- 
out preheating the cathodes when a high enough volt- 
age is applied across a fluorescent lamp. See Figure 
20-31. 
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The high initial voltage requires a large autotrans- 
former as an integral part of the ballast. The 
autotransformer delivers an instant voltage of 270 V 
to 600 V, depending on the bulb size and voltage 
rating. The larger the bulb, the higher the voltage. 
Instant-start lamps require only one pin at each base 
because no preheating of the electrode is required. 


A safety circuit is used with an instant-start lamp 
to prevent electrical shock due to the high starting 
voltage. The base pin acts as a switch, interrupting 
the circuit to the ballast when the lamp is removed. 


The lamp is replaced by pushing the lamp into 
the spring lampholder at the high-voltage end of the 
fixture and then inserting it into the rigid lampholder 


at the low-voltage end of the fixture. Both lamp ends 
must be in place before current can flow through the 
ballast winding. The circuit does not operate when 
the lamp is not in place. 
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Rapid-Start Circuits 


A rapid-start circuit is a fluorescent lamp-starting 
circuit that has separate windings to provide continu- 
ous heating voltage on the lamp cathodes. The lamp 
starting time is reduced because the cathodes are con- 
tinuously heated. The rapid-start circuit brings the 
lamp to full brightness in about two seconds. A rapid- 
start circuit is the most common circuit used in fluo- 
rescent lighting. 


A rapid-start circuit uses lamps that have short, 
low-voltage electrodes which are automatically pre- 
heated by the lamp ballast. The rapid-start ballast 
preheats the cathodes by means of a heater winding. 
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The heater winding continues to provide current to 
the lamp after ignition. See Figure 20-32. 
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High-Intensity Discharge Lamps 


A high-intensity discharge (HID) lamp is a lamp that 
produces light from an arc tube. See Figure 20-33. 
An arc tube is the light-producing element of an HID 
lamp. The arc tube contains metallic and gaseous va- 
pors and electrodes. An arc is produced in the tube 
between the electrodes. The arc tube is enclosed in 
a bulb which may contain phosphor or a diffusing 
coating that improves color rendering, increases light 
output, and reduces surface brightness. 


Fiworescent lamp induced interference may | 
be reduced by using special prismatic lamp | 
enclosures. 
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WEATHER-RESISTANT GLASS 
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e Uses sodium vapor under low 
pressure to produce light 
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e Uses mercury vapor to 
produce light 


e 5 min to 6 min start time 

e 3 min to 5 min restart time 

© 50 Im/W to 60 Im/W 

ө Produces white light with blue 
colors appearing purplish and 
yellow colors having a 
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ө 16,000 hr to 24,000 hr rated 
bulb life* 


* rated bulb life depends on usage, bulb size, and cycle time 
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e Uses mercury vapor with metal 
halides to produce light 


e 2 min to 5 min start time 
e 10 min to 15 min restart time 
e 80 Im/W to 125 Im/W 


e Produces white light with red 
colors slightly muted 


e 3000 hr to 20,000 hr rated 
bulb life* 
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e Uses sodium vapor under high 
pressure to produce light 
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e 65 Im/W to 115 Im/W 

e Produces golden white light 
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HID lamps include low-pressure sodium, mercury- 
vapor, metal-halide, and high-pressure sodium lamps. 
АП HID lamps are electric discharge lamps. An elec- 
tric discharge lamp is a lamp that produces light by 
an arc discharged between two electrodes. High vapor 
pressure is used to convert a large percentage of the 
energy produced into visible light. Arc tube pressure 
for most HID lamps is normally from one to eight 
atmospheres. HID lamps provide an efficient, long- 
lasting source of light and are used for street, parking 
lot, and general lighting applications. 
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Heinrich Hertz discovered electromagnetic : 
waves and was the first to demonstrate that ' 
light is electromagnetic energy. i 
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HID Lamp Color Rendering 


Color rendering is the appearance of a color when 
illuminated by a light source. For example, a red 
color may be rendered light, dark, pinkish, or yel- 
lowish depending on the light source under which it 
is viewed. Color rendering of HID lamps varies de- 
pending on the lamp used. 


Low-pressure sodium lamps produce yellow to 
yellow-orange light. The color of the lamp distorts 
the true color of objects viewed under the lamp. The 
yellow light is produced by the sodium in the low- 
pressure sodium lamp. Low-pressure sodium lamps 
are normally not used where the appearance of people 
and colors are important. The yellow light produces 
severe color distortion on most light-colored objects. 


Mercury-vapor lamps produce a light yellow to 
white light. Mercury-vapor lamps with clear bulbs 
have poor rendering of reds. Blue colors appear pur- 
plish with most other colors appearing normal. Phos- 
phor-coated bulbs improve color rendering. Blue 
colors viewed under phosphor-coated bulbs still have 
a slight purplish hue and yellow colors take on a 
greenish overtone. 


Metal-halide lamps produce a light yellow to white 
light. Metal-halide lamps produce good overall color 
rendering. Red colors appear slightly muted with 
some pinkish overtones. 


High-pressure sodium lamps produce a golden 
white light. High-pressure sodium lamps have good 
color rendering with all colors being clearly distin- 
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guishable. However, reds, greens, blues, and violets 
are muted. 


HID Lamp Selection 


Consider using low-pressure sodium lamps first for 
an application because they are the most efficient. 
Low-pressure sodium lamps are good for outdoor 
lighting installations. The yellow-orange color is ac- 
ceptable for street, highway, parking lot, and flood- 
light applications. 


The long start-up time is not a problem for outdoor 
lighting because the lights are normally turned ON 
by a photoelectric cell at dusk. Photoelectric cell 
switches may be adjusted to turn ON at different light 
levels. Low-pressure sodium lamps are also used for 
some indoor applications such as warehouse lighting 
and other areas where color distortion is not critical 
to an operation. 


Consider using metal-halide lamps when the color 
rendering of low-pressure sodium lamps is not ac- 
ceptable for the application. Metal-halide lamps are 
used for sport, street, highway, parking lot, and flood- 
light applications. Metal-halide lamps are normally 
specified for most sport, indoor, and outdoor lighting 
applications. 


Consider using mercury-vapor lamps when the in- 
itial installation cost is of major importance. Mer- 
cury-vapor lamps are used in all types of 
applications. Use metal-halide lamps when true color 
appearance is important such as in a car dealer’s lot. 


Consider using high-pressure sodium lamps when 
lower operating cost is important and some color dis- 
tortion is acceptable. High-pressure sodium lamps 
may be used in parking lots, street lighting, shopping 
centers, exterior buildings, and most storage areas. 


Low-Pressure Sodium Lamps 


A low-pressure sodium lamp is an HID lamp that 
operates at a low vapor pressure and uses sodium as 
the vapor. A low-pressure sodium lamp has a U- 
shaped arc tube. The arc tube has both electrodes 
located at the same end. The arc tube is placed inside 
a glass bulb and contains a mixture of neon, argon, 
and sodium-metal. On start-up, an arc is discharged 
through the neon, argon, and sodium-metal. As the 
sodium-metal heats and vaporizes, the amber color 
of sodium is produced. See Figure 20-34. 
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A low-pressure sodium lamp is named for its use 
of sodium inside the arc tube. This lamp has the high- 
est efficiency rating of any lamp. Some low-pressure 
sodium lamps deliver up to 200 Im/W of power. This 
is 10 times the output of an incandescent lamp. 


Low-pressure sodium lamps must be operated on 
a ballast that is designed to meet the lamp's starting 
and running requirements. Low-pressure sodium 
lamps do not have a starting electrode or ignitor. The 
ballast must provide an open-circuit voltage of ap- 
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proximately three to seven times the lamp's rated 
voltage to start and sustain the arc. See Figure 20-35. 


Low-pressure sodium lamp fixtures are available 
in a wide variety of lamp, ballast, and reflector con- 
figurations. Lamp fixtures include high-profile, low- 
profile, and twin optical fixtures. The variety of 
fixture configurations provides a wide range of light 
distribution patterns. The pattern chosen is based on 
the light requirements of the application. 
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Mercury-Vapor Lamps 


A mercury-vapor lamp is an HID lamp that produces 
light by an electrical discharge through mercury va- 
por. Mercury-vapor lamps are used for general light- 
ing applications. Phosphor coating is added to the 
inside of the bulb to improve color-rendering char- 
acteristics. See Figure 20-36. 


MERCURY-VAPOR LAMPS 


MERCURY 


VAPOR MAIN 


ELECTRODES 
ARC TUBE 


STARTING 
ELECTRODE 


STARTING 
RESISTOR 


SCREW BASE 


A mercury-vapor lamp contains a starting elec- 
trode and two main electrodes. An electrical field is 
set up between the starting electrode and one main 
electrode when power is first applied to the lamp. 
The electrical field causes current to flow and an arc 
to strike. Current flows between the two main elec- 
trodes as the heat vaporizes the mercury. 
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Mercury-vapor ballasts include reactor, high-reac- 
tance autotransformer, constant-wattage autotrans- 
former, and two-winding, constant-wattage ballasts. 
The ballast used normally depends on economics. See 
Figure 20-37. A reactor ballast is a ballast that con- 
nects a coil (reactor) in series with the power line 
leading to the lamp. Reactor ballasts are used when 
the incoming supply voltage meets the starting volt- 
age requirements of the lamp. This is common when 
the incoming supply voltage is 240 V or 277 V. Both 
240 V and 277 V mercury-vapor lamps are standard. 
А capacitor is added to some reactor ballasts to im- 
prove the power factor. 


Reactor ballasts cost the least of all mercury-vapor 
ballasts but have poor lamp-wattage regulation. They 
should only be used when line voltage regulation is 
good because a 5% change in line voltage produces 
a 10% change in lamp wattage in a reactor ballast. 


A high-reactance autotransformer ballast is a bal- 
last that uses two coils (primary and secondary) to 
regulate both voltage and current. High-reactance 
autotransformer ballasts are used when the incoming 
supply voltage does not meet the starting requirements 
of the lamp. Incoming voltages of 115 V, 208 V, and 
460 V require a voltage change to the lamp. The volt- 
age is regulated to within +5% of the bulb's rating 
because a small percentage change in voltage results 
in a large percentage change in light output. 


А constant-wattage autotransformer ballast is a 
high-reactance autotransformer ballast with a capaci- 
tor added to the circuit. The capacitor improves the 
power factor. А constant-wattage autotransformer 
ballast is the most commonly used ballast. 


A two-winding constant-wattage ballast is a bal- 
last that uses a transformer which provides isolation 
between the primary and secondary circuits. А two- 
winding constant-wattage ballast has excellent lamp- 
wattage regulation. A 13% change in line voltage 
produces only a 2% to 3% cbange in lamp wattage. 


Metal-Halide Lamps 


A metal-halide lamp is an HID lamp that produces 
light by an electrical discharge through mercury va- 
por and metal halide in the arc tube. A metal halide 
is an element (normally sodium and scandium iodide) 
which is added to the mercury in small amounts. A 
metal-halide lamp produces more lumens per watt 
than a mercury-vapor lamp. See Figure 20-38. 
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ш not produce as much color distortion as a mercury- 


vapor lamp. A metal-halide lamp is an efficient 
MERCURY VAPOR NES 
AND METAL source of white light. It has a shorter bulb life than 
HALIDES the other HID lamps. 


A metal-halide ballast uses the same basic circuit 

|^—EDEGCTRODES as the constant-wattage autotransformer mercury-vapor 

ARC suec | ballast. The ballast is modified to provide high start- 
ing voltage required by metal-halide lamps. See Fig- 


ure 20-39. 
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High-Pressure Sodium Lamps 


A high-pressure sodium lamp is an HID lamp that 
produces light when current flows through sodium 
vapor under high pressure and high temperature. A 
high-pressure sodium lamp is a more efficient lamp 
than a mercury-vapor or metal-halide lamp. The light 
produced from a high-pressure sodium lamp appears 
as a golden-white color. See Figure 20-40. 
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A high-pressure sodium lamp is constructed with 
a bulb and an arc tube. The arc tube is made of ce- 
ramic to withstand high temperature. The bulb is 
made of weather-resistant glass to prevent heat loss 
and protect the arc tube. 


High-pressure sodium lamps do not have a starting 
electrode. The ballast must deliver a voltage pulse 
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high enough to start and maintain the arc. This volt- 
age pulse must be delivered every cycle and must be 
4000 V to 6000 V for 1000 W lamps and 2500 V to 
4000 V for smaller lamps. The starter (ignitor) is the 
device inside the ballast that produces the high start- 
ing voltage. See Figure 20-41. 
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A high-pressure sodium ballast is similar to a mer- 
cury-vapor reactor ballast. The main difference is the 
added starter. The reactor ballast is used where the 
input voltage meets the lamp's requirement. A trans- 
former or autotransformer is added to the ballast cir- 
cuit when the incoming voltage does not meet the 
lamp's requirements. 


HID Floodlight Lamp Pole Placement 


Most manufacturers recommend that HID lamp 
poles be spaced not more than 2 times their mount- 
ing height from any adjacent pole location. See 
Figure 20-42. 


The width of the area to be lit should not exceed 
2 times the mounting height of the lamps when light- 
ing an area from one side. The width of the area to 
be lit should not exceed 4 times the mounting height 
of the lamps when lighting an area from two sides. 
The width of the area to be lit should not exceed 2 
times the mounting height of the lamps on either side 
of the pole when lighting an area from the center. 
Aimed lamps should be directed at a point 2^ to 


34 the distance across the area to be lit. 
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HID LAMP POLE PLACEMENT 
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Industrial Circuits 


Industrial electrical circuits are circuits that are used 
to convert raw materials into finished products. In- 
dustrial circuits vary in size and complexity depend- 
ing on the type of industry. Large industrial electrical 
circuits, such as power generating, mining, food pro- 
cessing, chemical processing, paper and pulp manu- 
facturing, steel and plastics manufacturing, water 
treatment and purification, consumer product manu- 
facturing, oil and gas drilling and refineries, etc., re- 
quire very high levels of power. High levels of power 
are used for lighting, heating, transporting raw ma- 
terials (oil and gas pipelines, etc.), converting raw 
materials into finished products (manufacturing and 
assembling), and numerous other tasks that must be 
performed in the production of goods. Small indus- 
trial electrical circuits, such as small product assem- 
bly, electronic circuit board assembly, packaging, 
etc., require less power but highly complex and spe- 
cialized electrical circuits. 


Most industrial circuits, regardless of their size or 
type, have similarities to residential, commercial, and 
other industrial circuits. For example, all industrial cir- 
cuits include basic residential and commercial electri- 
cal circuits to provide branch circuit (general-purpose, 
115 VAC, 16 outlets) and 115 VAC lighting circuits. 
These circuits are the same 15 A and 20 A circuits as 
those used in residential applications, but are much 
larger in the total number required and are distributed 
over numerous panelboards located throughout a plant. 
See Figure 21-1. 
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Industrial lighting circuits are also the same basic 
lighting circuits used in commercial lighting. Like com- 
mercial lighting, fluorescent lighting is used for office 
areas and HID lighting is used for outdoor areas. HID 
lighting is also used for most industrial production and 
storage area lighting. 


Industrial heating, ventilating, and air condition- 
ing (HVAC) systems are basically the same as resi- 
dential and commercial systems except for the size 
and number of units used. Residential HVAC sys- 
tems normally include only one heating and air con- 
ditioning unit. Commercial HVAC systems divide the 
total area into zones, with one large unit normally 
controlling a given zone. Zones may be individual 
office areas, individual stores, or individual rooms. 
Industrial HVAC systems are basically the same as 
the commercial systems used in office areas. Pro- 
duction areas include heating units, but normally do 
not include air conditioning units. Industrial storage 
areas may include little heat and no air conditioning 
or may include very large refrigeration systems for 
storing perishable goods. 


Although all residential, commercial, and indus- 
trial circuits include some motors, motors are nor- 
mally the largest part of industrial electrical circuits. 
Motors are included at all points along assembly 
lines, production lines, material handling systems, 
etc. The motors range in size from fractional HP to 
500 HP (or more). Motors must be controlled for 
them to deliver the required work. For this reason, 
motor control is a major part of any industrial circuit. 
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ELECTRICAL CIRCUIT COMPARISON 
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Electric heat is often used in applications that re- processing, keep pipes from freezing, sterilize areas, 
quire heat for the production of goods. Electric heat is shrink wrap materials, etc. Electric heat is commonly 
used to separate minerals, melt metals, refine crude oil, used because it is easy to control the temperature out- 


bring products up to the required temperature before put of electric heating elements. 


Level of Control 


The level of circuit control required varies for differ- 
ent applications. For example, the level of control re- 
quired for controlling a motor may vary from simple 
manual ON/OFF control to automatically controlling 
and displaying hundreds of circuit parameters. See 
Figure 21-2. 


A manual motor starter is used in a basic motor 
control circuit. The manual motor starter starts, 
stops, and provides overload protection for the motor. 
The advantage of this basic motor control circuit is 
that it is inexpensive and simple to operate, install, 
and maintain. 


A variable frequency drive is used to provide ad- 
vanced motor control functions. A variable frequency 
drive (VFD) is a solid-state programmable control 
module used to control an AC motor. A VFD may 
control a motor's speed, acceleration time, decelera- 
tion time, and provide overload protection, display 
operating parameters, and perform many other func- 
tions. A VFD is programmed to meet almost any ap- 
plication requirement. 
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In addition to controlling the motor, VFDs are pro- 
grammed to detect and display many different system 
faults. Fault detection normally includes power loss, 
under and over voltage, overcurrent, short circuit, phase 
loss, etc. 


Most industrial circuits include levels of control 
from basic manual control to controls that include 
motor drives and programmable controllers. A pro- 
grammable controller (PLC) is a solid-state control 
device that controls an industrial process or machine. 


Industrial Applications 


Most industrial circuits include a system for moving a 
product along a line and performing some function to 
the product. For example, a conveyor is used to move 
the product along an assembly or production line. Con- 
veyors are controlled by motors. Motors are controlled 
by motor control circuits. The product is modified or 
changed at different points along the line. For example, 
a product may be sent through a shrink-wrap process 
before being sent to a warehouse or other process. See 
Figure 21-3. 
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SHRINK-WRAP APPLICATION 
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In the shrink-wrap application, the product is 
moved by conveyors to a wrapping machine that ap- 
plies a shrink-wrap to the product. This process in- 
cludes numerous controls for controlling the required 
motors, heating elements, and other loads. The infeed 
conveyor, shrink-wrap motor, heating elements, and 
outfeed conveyor motor controls are normally 
grouped together and connected to a common op- 
erator station. See Figure 21-4. 

The operator station may be designed to control 
the loads in many different ways (levels of control). 
In this example, the infeed conveyor motor is con- 
trolled by a standard start/stop pushbutton station. 
Included at the pushbutton station is a lamp that indi- 
cates when the motor is running. The heating elements 
used to heat the shrink-wrap after it is applied are 
controlled by a selector switch and a temperature 
switch. The selector switch determines if the heating 
elements are to be operational and the temperature 
switch automatically maintains a set temperature. Also 
included at the operator station is a lamp that indi- 
cates when the heating elements are energized. 
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The shrink-wrap roller motor is controlled by a se- 
lector switch and a limit switch. The limit switch is 
used to automatically control the motor if the product 
is detected and the selector switch is in the automatic 


t 


position. The manual position of the selector switch 
allows the motor to be operated manually. A lamp is 
included that indicates when the shrink-wrap roller 
motor is operating. 

The outfeed conveyor motor is controlled by a 
standard forward/reverse/stop pushbutton station. 
The forward motor direction sends the product to stor- 
age area 1. The reverse motor direction sends the prod- 
uct to storage area 2. Lamps are used to indicate which 
direction (storage area) the motor is operating. 
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A power circuit and control circuit are required 
to operate the shrink-wrap circuit. The power cir- 
cuit includes the 230 V, 36 heating elements, 230 V, 
16 shrink-wrap roller motor, 230 V, 36 infeed mo- 
tor, 230 V, 36 outfeed motor, and primary 
(high-voltage) side of the control transformer. Also 
included in the. power circuit are the required dis- 
connects, protection devices (fuses and CBs), 
contactor (heating element), and motor starters 
(each motor). See Figure 21-5. 
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The control circuit includes the contactor coil, 
motor starter coils, lamps, selector switches, 
pushbuttons, temperature switch, and limit switch. 
Also included in the control circuit is the transformer 
secondary (low-voltage) side, fuse, and motor starter 
overload contacts (OLs). 


Line (Ladder) Diagrams 


All trades and professions have a certain language that 
enables the rapid and efficient transfer of informa- 
tion and ideas. This language may include symbols, 
drawings or diagrams, words, phrases, or abbrevia- 
tions. Line (ladder) diagrams use industrial electrical 
symbols to provide the information necessary to un- 
derstand the operation of any electrical control cir- 
cuit. Industrial electrical symbols illustrate the 
electrical devices within a circuit. See Appendix. 
Control language is communicating by using line 
(ladder) diagrams. A line (ladder) diagram is a dia- 
gram which shows, with single lines and symbols, 
the logic of an electrical circuit or system of circuits 
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Figure 21-6 


and components. A line diagram indicates the loca- 
tion of electrical devices within a control circuit. See 
Figure 21-6. 


Circuit design and modifications to existing cir- 
cuits are possible using line diagrams. A line dia- 
gram shows the power source (transformer, etc.) and 
current flow paths through the various parts of the 
circuit, such as pushbuttons, contacts, coils, and 
overloads. A line diagram shows the circuitry neces- 
sary for the operation of the components in the power 
circuit (motors, etc.) and control circuit (indicating 
lamps, etc.). A line diagram is not intended to show 
the physical relationship of the various devices in 
the control cabinet. Line diagrams are much easier 
to draw than pictorial drawings, power circuits, and 
wiring diagrams. 
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Some manufacturers assign line one (1,1) 
wire number 1 and line two (L2) wire num- 
ber 2 and then start assigning numbers top 
left to bottom right. 
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Line Diagram Rules 


The electrical industry has established a universal 
set of symbols and rules on how line diagrams (cir- 
cuits) are laid out. An electrician establishes a work- 
ing practice common to all electricians by applying 
these standards. 


Establishing standards in line diagrams also aids 
when troubleshooting or changing a standard line dia- 
gram to a PLC line diagram. Using a line diagram 
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when troubleshooting helps to identify the circuit’s 
potential test points for taking circuit measurements. 
Standard line diagrams are also used to develop PLC 
line diagrams. PLC line diagrams are used to develop 
and enter a program into a PLC. See Figure 21-7. 


The standard line diagram of three start and three 
stop pushbuttons is used to show the control of a mo- 
tor starter coil. This line diagram is used to connect the 
wiring diagram when hard-wiring the pushbuttons to 
the motor starter. Hard-wiring is the physical connec- 
tion of electrical components. 
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In a PLC wiring diagram, the components are not 
hard-wired together. Instead, all control circuit in- 
puts are connected to the input section of the PLC 
and all control circuit outputs are connected to the 
output section of the PLC. Inputs include all control 
circuit devices that are used to switch (start or stop) 
the flow of current. Inputs include all switches 
(pushbuttons, temperature switches, etc.) and over- 
load contacts. Outputs include all control circuit de- 
vices that use the circuit's current to change the 
electrical power into some other form of energy such 
as light, linear motion, etc. Outputs include lamps, 
contactor coils, motor starter coils, solenoids, etc. 


Line Number References 


Each line in a line diagram should be numbered start- 
ing with the top line and reading down. Numbering 
each line simplifies the understanding of the func- 
tion of the circuit. The importance of this number- 
ing system becomes clear as circuits become more 


complex and lines are added. Many industrial line dia- 
grams include hundreds of lines in the control circuit. 
See Figure 21-8. 

In this circuit, line 1 contains the shrink-wrap heat- 
ing element ON lamp. Line 2 contains the manual po- 
sition of the selector switch, М1 starter coil, and the 
М1 overload contact. Line 3 contains the automatic 
position of the selector switch and the limit switch. 
Line 4 contains the infeed motor ON lamp. The rest 
of the lines are determined by moving down the line 
diagram and assigning a line number to any compo- 
nent that is not already assigned to a line. A line must 
include at least one component. The component may 
be a load (lamp) or a switch (M2 contact). 


Numerical Cross-Reference System (NO 
Contacts) 


Numerical cross-reference systems are required to trace 
the action of a circuit in complex line diagrams. Com- 
mon rules help to quickly simplify the understanding 
of complex circuit operation. 
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Relays, contactors, and magnetic motor starters nor- 
mally have more than one set of auxiliary contacts. 
These contacts may appear at several different loca- 
tions in the line diagram. Numerical cross-reference 
systems quickly identify the location and type of con- 
tacts controlled by a given device. A numerical 
cross-reference system consists of numbers in paren- 
thesis to the right of the line diagram. NO contacts are 
represented by line numbers. See Figure 21-9. 


In the shrink-wrap application control circuit, press- 
ing the start pushbutton in line 5 energizes motor starter 
coil 2 (M2). Energizing M2 starts the infeed motor in 
the power circuit and also closes the normally open 
contact in line 6 of the control circuit. 


The start pushbutton may be released when the 
normally open contact in line 6 closes because the 
M2 closed contact allows the current to flow around 
the start pushbutton. Even though the M2 normally 
closed contact is located in the next line (line 6), the 
contact could be located in any line of the control 
circuit. Thus, the exact location of the contact is easily 
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determined by adding the line number of the contact's 
location to the right of the coil. 

The numerical cross-reference system allows the 
simplification of complex line diagrams. Each NO 
contact must be clearly marked because each set of 
NO contacts are numbered according to the line in 
which they appear. 


Numerical Cross-Reference System (NC 
Contacts) 


In addition to NO contacts, there are also NC con- 
tacts in a circuit. To differentiate between NO con- 
tacts and NC contacts, NC contacts are indicated by 
an underlined number. 

In the shrink-wrap application control circuit, a for- 
ward and reversing motor starter is used to control 
the outfeed motor. Interlocking is provided to protect 
the system from having the forward starter coil and 
reverse starter coil energized at the same time. For 
example, the normally closed forward contact in line 
11 opens when the forward starter coil is energized. 
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No power can be delivered to the reversing coil any 
time the normally closed forward contact is opened, 
even if the reverse pushbutton is pressed. For this rea- 
son, both normally open and normally closed contacts 
are used when forwarding and reversing a motor. Nor- 
mally open contacts are used for adding memory, and 
normally closed contacts are used for interlocking. АП 
normally closed contacts are underlined in the numeri- 
cal cross-reference system. 


Wire-Reference Numbers 


Each wire in a control circuit is assigned a reference 
point on a line diagram to keep track of the different 
wires that connect the components in the circuit. 
Each reference point is assigned a wire-reference num- 
ber. Wire-reference numbers are normally assigned 


from the top left to the bottom right. This number- 
ing system can apply to any control circuit, such as 
single-station, multistation, or reversing circuits. See 
Figure 21-10. 


Any wire that is always connected to a point is as- 
signed the same number. The wires that are assigned a 
number vary from 2 to the number required by the cir- 
cuit. In the shrink-wrap application control circuit, 17 
total wire numbers are used. Any wire that is prewired 
when the component is purchased is normally not as- 
signed a wire-reference number. Different numbering 
systems may be used. The exact numbering system 
varies for each manufacturer or design engineer. One 
common method used is to circle the wire-reference 
numbers. Circling the wire-reference numbers helps 
separate them from other numbering systems. 
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Manufacturer's Terminal Numbers 


Manufacturers of relays, timers, counters, etc. include 
numbers on the terminal connection points of their de- 
vices. The terminal numbers are used to identify and 
separate the different component parts (coil, NC con- 
tacts, etc.) included on the individual devices. 
Manufacturer's terminal numbers are often added to a 
line diagram after the specific equipment to be used in 
the control circuit is identified. See Figure 21-11. 


MANUFACTURER'S TERMINAL NUMBERS 


MANUFACTURER'S 
TERMINAL NUMBERS 


In this circuit, line numbers, numerical cross-reference 
numbers, wire-reference numbers, and manufacturer's 
terminal numbers are all added to the line diagram. 
Each numbering system performs a designated func- 
tion, and together they clarify the circuit's operation 
and wiring. 


The line numbers and numerical cross-reference 
numbers are used when reading the circuit's logic 
and operation. Wire-reference and manufacturer's 
terminal numbers are used when installing and 
troubleshooting the circuit. For example, a voltme- 
ter could be connected between wires (wire-reference 
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numbers) marked 1 and 3 to measure the control 
circuit's voltage. 


Motor Circuit Operation 


An industrial electrical circuit consists of many small 
individual parts that are interconnected to perform work 
in a predetermined logical order. The shrink-wrap ap- 
plication includes motors for moving the product along 
and applying the shrink-wrap, heating elements for 
heating the shrink-wrap, and indicator lamps that indi- 
cate to the operator the status (ON or OFF) of each 
load. The loads (motors and heating elements) are 
placed in the high-voltage (230 VAC) power circuit, 
and the control switches and indicator lamps are placed 
in the low-voltage (115 VAC) control circuit. The high 
voltage is used to operate the loads because they re- 
quire high levels of power (voltage and current). The 
control circuit components do not require high power, 
so they are operated at a low voltage. The control volt- 
age is normally 24 VDC, 24 VAC, 115 VAC, or lower 
when solid-state control components are used. 


Each motor is turned ON and OFF through a mag- 
netic motor starter. The shrink-wrap roller motor is a 
230 VAC motor, so a 1ф motor starter is used. A 16 
motor starter includes one power contact and one over- 
load heater (or other current-sensing device) for 115 
VAC or DC motor operation, and two power contacts 
and two overload heaters for 230 VAC operation (such 
as the shrink-wrap roller motor). See Figure 21-12. 


The infeed motor requires a motor starter with three 
power contacts and three overload heaters. The outfeed 
motor requires a forward motor starter with three power 
contacts and a reversing motor starter with three power 
contacts. The forward starter and reversing starter share 
the same three overload heaters because the heaters/ 
overload contacts can protect the motor from an over- 
load in either direction. This type of starter is normally 
included as one interconnected unit (reversing starter). 


The shrink-wrap circuit motor starters, contactors, 
and control transformer are located in a control panel. 
The control panel may be part of the operator station, 
but is normally a separate panel. In the case of several 
loads (motors, heating elements, etc.) operating as a 
system (packaging/wrap line), the individual units are 
normally grouped in one common control center (mo- 
tor control center) even if non-motor loads (heating 
elements) are included. See Figure 21-13. 
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The individual motor control components and dis- 
connects are normally placed in individual enclosures 
that are interconnected by conduit if a motor control 
center (MCC) is not used. Power to each individual 
disconnect panel is delivered through conduit or a 
plug-in busway. See Figure 21-14. 


A busway is a metal-enclosed distribution system 
of busbars available in prefabricated sections. Pre- 
fabricated fittings, tees, elbows, and crosses simplify 
the connecting and reconnecting of the distribution 
system. By bolting sections together, the electrical 
power is available at many locations and throughout 
the system. 


Heater Circuit Operation 


A heating element is a conductor that offers enough 
resistance to produce heat when connected to an elec- 
trical power supply. The lower the resistance, the 
greater the heat produced. The greater the resistance, 
the lower the heat produced. The major difference be- 
tween most heating elements is in their power rating, 
the material they are made from, and their physical 
construction. Heating element power ratings determine 
the amount of heat produced. The material they are 
made from and their physical construction determines 
the location where they may be used. 
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Heating element control circuits range from simple 
to complex. A simple control circuit is used to turn the 
heating element completely ON or OFF. For example, 
in the shrink-wrap application, the circuit that controls 
the heating element contactor is controlled by a tem- 
perature switch that turns ON the heating element any 
time the heat is below the setting of the temperature 
switch. A more complex control circuit would allow 
the heating element to produce a varying amount of 
heat output. A complex control circuit normally allows 
the heating element to produce a proportional amount 
of heat output in response to the difference between 
the set temperature and the actual temperature. The 
greater the temperature difference, the higher the heat 
produced. The lesser the temperature difference, the 
lower the heat produced. 


A heating element control circuit may turn ON and 
OFF a heating element directly or indirectly. In the 
direct-control method, the temperature control switch 
is connected to the heating element. See Figure 21-15. 
The control switch must have an ampere and voltage 
rating equal to or higher than the rating of the heating 
element when connected directly to the heating ele- 
ment. For this reason, direct control is used only when 
the heating element is rated for low power, normally 
up to about 1500 W. 


Indirect heating element control is used on 
high-rated heating elements, such as the shrink-wrap 
application. In the indirect-control method, the tem- 
perature control switch controls a contactor, which 
connects the heating element to the power supply. 
In this method, the temperature control switch is 
rated for the ampere and voltage of the contactor 
coil. The contactor contacts are used to switch the 
high current and voltage of the heating element. See 
Figure 21-16. | 


An ON/OFF temperature control circuit is the sim- 
plest heating element control circuit. The heating ele- 
ment is either ON or OFF. In the shrink-wrap application, 
an industrial 3$ heating element is used to deliver heat 
to shrink the wrap. In its simplest form, the heating 
element may be controlled by a manually-operated ON/ 
OFF switch, such as an ON/OFF selector switch. The 
heating element contactor is energized when the switch 
is placed in the ON position. The contactor is used to 
connect the heating element to the 390 power supply 
when energized. The heating element produces heat as 
long as the switch is in the ON position. The contactor 
is de-energized and power is removed from the heating 
element when the switch is placed in the OFF position. 
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A manually-operated heating element is often 
used to manually add heat to a given area. A 
manually-operated circuit would not work well (or 
be inefficient) in the shrink-wrap application. A tem- 
perature switch is added to automatically maintain 
the set temperature. The temperature switch is set 
for the required temperature and the heating element 
is automatically turned ON and OFF. The heating 
element is turned fully ON or OFF when using a 
temperature switch. 
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Electric Motor Drives 


Magnetic motor starters are being replaced in many 
applications by electric motor drives. An electric mo- 
tor drive is an electronic device that controls the direc- 
tion, speed, torque, and other operating functions of 
an electric motor in addition to providing motor pro- 
tection and monitoring functions. Electric motor drives 
are either AC drives or DC drives, with AC drives be- 
ing the most common. AC drives are also referred to as 
adjustable-speed drives, variable-frequency drives, or 
inverters. See Figure 21-17. 
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| to automatically start a motor after an in- 
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Electric motor drives perform the same functions as 
motor starters, but also vary motor speed, reverse mo- 
tors, provide additional protection features, and dis- 
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play operating information, and can be interfaced with 
other electrical equipment. Electric motor drives are 
used to control any size motor from fractional horse- 
power to hundreds of horsepower. 

AC drives control and monitor motor speed by con- 
verting incoming AC voltage to DC voltage and then 
converting the DC voltage back to a variable-frequency 
AC voltage. To change the speed of a motor, electric 
motor drives vary the frequency (Hz) to the motor. A 
standard 60 Hz AC motor operates at full speed when 
connected to 60 Hz, at half speed when connected to 30 
Hz, and at one-quarter speed when connected to 15 Hz. 

DC drives control speed by controlling the DC volt- 
age to a motor by varying the amount of voltage and 
current on the field and armature of the motor. AC 
power can also be connected to DC drives because the 
incoming AC voltage is converted to DC voltage. 


d — praem] 


TECH High ambient temperature affects the life || 
of an electric motor drive. Do not install an 
electric motor drive in any location that ex- 
^ ceeds the rated ambient temperature limit. 


TIP 


The section of an electric motor drive that coverts AC 
voltage to DC voltage is the converter section, and the 
section that converts the DC voltage back to AC voltage 
is the inverter section. А converter is an electronic device 
that changes AC voltage into DC voltage. An inverter is 
an electronic device that changes DC voltage into AC 
voltage. See Figure 21-18. Silicon-controlled rectifiers 
(SCRs) or diodes are used in the converter section to con- 
vert the incoming AC voltage into DC voltage. In addi- 
tion to converting AC voltage into DC voltage, SCRs can 
also control the level of the DC voltage. 

AC drives use the inverter section switches to switch 
the DC voltage ON and OFF to reproduce simulated 
AC sine waves. The simulated AC sine waves are actu- 
ally pulsating DC voltages at different levels. The pul- 
sating DC voltage is used to operate AC motors and 
control the speed of the motors by varying the voltage 
and frequency applied to the motors. AC drives con- 
trol the voltage and frequency sent to a motor by switch- 
ing the DC voltage ON and OFF at the correct moments. 
Electronic switches (SCRs and transistors) are used 
because of the fast switching required to simulate AC 
sine waves. А microprocessor circuit located within an 
electric motor drive controls the switching. 

Inverters are classified by the method used to change 
the frequency of the DC voltage. Inverter designs include 
variable voltage inverters (VVI), current source inverters 
(CSI), and pulse width modulated (PWM) inverters. 
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Switch Functions 


All switches serve some function in an electrical cir- 
cuit. The primary function of any switch is to start, stop, 
or redirect the flow of current in a circuit. Switches are 
typically designated by the function the switch performs 
such as on, off, start, stop, emergency stop, up, down, 
left, right, forward, reverse, fast, slow, or reset. To per- 
form a function, switches are wired into an electrical 
circuit as single-function switches or dual-function 
switches. See Figure 21-19. 


A single-function switch is a switch that performs 
only one switching function such as START or STOP. 
When performing one function, one position of the 
switch performs the designated function, such as start- 
ing the motor, and the other switch position performs 
no function at all. 


А dual-function switch is a switch that performs two 
different switching functions such as forward or re- 
verse. When performing two functions, one position 
of the switch is used for one function, such as turning 
the motor clockwise (forward), and the other position 
of the switch is used for the second function, such as 
turning the motor counterclockwise (reverse). 


Two-Wire Motor Control 


Control circuits are often referred to by the number of 
conductors used in the control circuit. Two-wire control 
is an input control for an electric motor drive requiring 
two conductors to complete a circuit. Three-wire con- 
trol is an input control for an electric motor drive re- 
quiring three conductors to complete a circuit. 

Two-wire control has two wires leading from a con- 
trol device to a starter. See Figure 21-20. A control de- 
vice can be a thermostat, float switch, or other device. 
Two-wire motor control circuits are used when motors 
are required to operate automatically from such con- 
trol devices as liquid level switches, pressure switches, 
or temperature switches. 

Two-wire control is also used when using an electric 
motor drive to control a motor. Electric motor drives au- 
tomatically reduce the voltage to control switch circuits. 
Typically, the control voltage used by electric motor drives 
is low voltage DC (24 VDC). See Figure 21-21. 


Motors commonly account for 60% to 80% | 
of the total circuit load in industrial plants. || 
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Three-Wire Motor Control 


Three-wire control has three wires leading from the 
control device to a starter to complete the circuit. Aux- 
iliary contacts are added to starters to give memory to 
three-wire control circuits that use pushbuttons. When 
a motor starter coil (M) is energized, the coil causes 
the normally open contacts (NO) to close and remain 
closed (memory) until the coil is de-energized. Memory 
is a control function that keeps a motor running after 
the start pushbutton is released. Memory circuits are 
also known as holding or sealing circuits. When a 
memory circuit is ON, the circuit remains ON until 
turned OFF, and remains OFF until the circuit is turned 
back ON. See Figure 21-22. 
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Figure 21-20 


Analog Inputs 


One major advantage of using electric motor drives to 
control motors is to provideSspeed control. Electric 
motor drives are connected to analog inputs to provide 
control over a full range of motor speeds. An analog 
signal is a type of input signal to an electric motor drive 
that can be either varying voltage or varying current. 
Analog input devices connected to electric motor drives 
include potentiometers, variable voltage inputs (com- 
monly 0 VDC to 10 VDC), or variable current inputs 
(commonly 4 mA to 20 mA). See Figure 21-23. 


Common Control Circuits 


Control circuit requirements vary with different applica- 
tions. Each application requires a circuit that meets its 
particular requirements. The requirements of a circuit in- 
clude the electrical requirements of the load(s), the con- 
trol circuit requirements, safety requirements, and operator 
requirements. The requirements of the loads are that the 
power source delivers the proper amount of voltage and 
current and the correct type of power (AC or DC). The 
requirements of the control circuit are that the loads are 
properly turned ON and OFF at the correct time and that 


all control functions (speed, reversing, etc.) are met. The 
safety requirements are that the equipment is properly 
installed (per NEC®, local codes, etc.), and that the equip- 
ment is of the correct size and type for the application. 
Operator requirements are that the correct type of con- 
trols are used (pushbutton, selector switch, etc.), the 
amount of circuit feedback to the operator meets require- 
ments (indicating lamps, alarms, etc.), and that the opera- 
tor knows how to safely and properly operate the 
equipment. Although individual circuit requirements vary, 
common control circuits are used in many applications. 
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Figure 21-21 


Start/Stop Stations Controlling Magnetic 
Starters 


A load is often required to be started and stopped from 
more than one location. See Figure 21-24. In this cir- 
cuit, the magnetic motor starter may be started or 
stopped from two locations. Additional stop 
pushbuttons are connected in series (NOR logic) with 
the existing stop pushbuttons. 
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Additional start pushbuttons are connected in par- 
allel (OR logic) with the existing start pushbuttons. 
Pressing any one of the start pushbuttons (PB3 or PB4) 
causes coil M1 to energize. This causes auxiliary con- 
tacts (memory contacts) M1 to close, adding memory 
to the circuit until coil M1 is de-energized. Coil M1 
may be de-energized by pressing stop pushbuttons PB1 
or PB2, by an overload which activates the overload 
contacts, or by a loss of voltage to the circuit. In the 
case of an overload, the overload must be removed and 
the circuit overload devices reset before the circuit re- 
turns to normal starting condition if manual reset over- 
loads are used. The overload contacts automatically 
reclose if automatic reset overloads are used. 


Two Magnetic Starters Operated by Two Start/ 
Stop Stations with Common Emergency Stop 


In almost all electrical circuits, several devices are 
run off a common supply voltage. Two start/stop sta- 
tions may be used to control two separate magnetic 
motor starter coils (or contactor coils) with a com- 
mon emergency stop protecting the entire circuit. See 
Figure 21-25. 
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In this circuit, pressing start pushbutton PB3 
causes coil М1 to energize and seal in auxiliary con- 
tacts М1. Pressing start pushbutton PB5 causes coil 
M2 to energize and seal in auxiliary contacts M2. 
Once the entire circuit is operational, emergency stop 
pushbutton PB1 can shut down the entire circuit or 
the individual stop pushbuttons (PB2 or PB4) can 
de-energize the coils in their respective circuits. Each 
circuit is overload protected and does not affect the 
other when one magnetic motor starter experiences 
a problem. For added protection, additional normally 
closed stop pushbuttons (key switch, temperature 
switch, etc.) may be connected in series with the 
emergency stop pushbutton. 


Start/Stop Station Controlling Two or More 
Magnetic Starters 


Steel mills, paper mills, bottling plants, and canning 
plants are industrial applications which require si- 
multaneous operation of two or more motors. In these 
industrial applications, products and/or materials are 
spread out over great lengths. These products and/or 
materials must be started together to prevent prod- 
uct or material separation, stretching, breaking, or 
jam up. To accomplish this, two motors may be 
started almost simultaneously from one location. See 
Figure 21-26. 

In this circuit, pressing start pushbutton PB2 ener- 
gizes coil M1 and seals in both sets of auxiliary con- 
tacts М1. Note: It is acceptable to have more than one 
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set of auxiliary contacts controlled by one coil. The 
first set of M1 contacts (line 2) provides memory for 
the start pushbutton and completes the circuit to ener- 
gize coil М1 when both sets of contacts close. 

The second set of M1 contacts (line 3) completes 
the circuit to coil M2, energizing coil M2. The motors 
associated with these magnetic motor starters start al- 
most simultaneously because both coils energize almost 
simultaneously. Pressing the stop pushbutton breaks the 
circuit (line 1), de-energizing coil M1. Both sets of aux- 
iliary contacts are deactivated when coil M1 drops out. 
The motors associated with these magnetic motor start- 
ers stop almost simultaneously because both coils 
de-energize almost simultaneously. 


An overload in magnetic motor starter M2 affects 
only the operation of coil M2. The entire circuit stops 
because de-energizing coil М1 also affects both sets of 
auxiliary contacts M1. This protection is used where a 
machine, such as an industrial drill, is damaged if the 
cooling liquid pump shuts OFF while the drill is still 
operating. 


Pressure Switch with Pilot Light Indicating 
Device Activation 


Pilot lights are manufactured in a variety of colors, 
shapes, and sizes to meet the needs of industry. The 
illumination of these lights signals to an operator that 
any one of a number of events is taking place. A pilot 
light may be used with a pressure switch (or any other 
automatic switch) to indicate when a device is activated. 
See Figure 21-27. 
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INDICATING DEVICE ACTIVATION 
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In this circuit, pressure switch S2 has automatic con- 
trol over the circuit when switch S1 is closed. Pressure 
switch S2 closes and activates coil МІ, which controls 
the magnetic starter of the compressor motor, starting 
the compressor when the pressure to switch S2 drops. At 
the same time, contacts M1 close and pilot light PL1 turns 
ON. The compressor continues to run and the pilot light 
stays ON as long as the motor runs. Coil M1 de-energizes 
and the magnetic motor starter drops out, stopping the 
compressor motor when pressure builds sufficiently to 
open pressure switch S2. The pilot light shuts OFF be- 
cause contact M1 controlled by coil M1 opens. The pilot 
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light is ON only when the compressor motor is run- : 
ning. This circuit may be used in a garage to let the 
operator know when the air compressor is ON or OFF. 
А pilot light may also be used with a start/stop sta- 
tion to indicate when a device is activated. See Figure 
21-28. In this circuit, pressing start pushbutton PB2 en- 
ergizes coil M1, causing auxiliary contacts M1 to close. 
Closing contacts M1 provides memory for start 
pushbutton PB2 and maintains an electrical path for the 
pilot light. The pilot light stays ON as long as coil М1 is 
energized. Pressing stop pushbutton РВІ de-energizes 
coil M1, opening contacts M1 and turning OFF the pilot 
light. An overload in this circuit also de-energizes coil 
MI, opening contacts М1 and turning OFF the pilot light. 
This circuit may be used as a positive indicator that some 
process is taking place. The process may be in a remote 
location such as in a well or in another building. 
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Start/Stop Station with Pilot Light Indicating 
No Device Activation 


Pilot lights may be used to show when an operation is 
stopped as well as when it is started. NOT logic is used 
in a circuit to show that an operation has stopped. NOT 
logic is established by placing one set of NC contacts 
in series with a device. See Figure 21-29. 

In this circuit, pressing start pushbutton PB2 ener- 
gizes coil МІ, causing both sets of auxiliary contacts 
М1 to energize. Normally open contacts М1 (line 1) 
close, providing memory for PB2, and normally closed 
contacts М1 (line 3) open, disconnecting pilot light PL1 
from the line voltage, causing the light to turn OFF. 
Pressing stop pushbutton PB1 de-energizes coil МІ, 
causing both sets of contacts to return to their normal 
positions. Normally open contacts M1 (line 2) return to 
their normally open position, and normally closed con- 
tacts M1 (line 3) return to their normally closed posi- 
tion, reconnecting the pilot light to the line voltage and 
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causing it to turn ON. The pilot light is ON only when 
the coil to the magnetic motor starter is OFF. A bell or 
siren could be substituted for the pilot light to serve as 
an audible warning device. This circuit may be used to 
monitor critical operating procedures such as a cool- 
ing pump for a nuclear reactor. The pilot light, bell, or 
siren immediately calls attention to the fact that the 
process has been stopped if the cooling pump stops. 


START/STOP STATION WITH PILOT LIGHT 
INDICATING NO DEVICE ACTIVATION 


MAGNETIC 
MOTOR 
STARTER COIL 


INDICATES LOAD ON 


INDICATES LOAD OFF 


Pushbutton Sequence Control 


Conveyor systems often require one conveyor system 
to feed cartons or other materials onto another con- 
veyor system. А control circuit is required to prevent 
the pileup of material on the second conveyor if the 
second conveyor is stopped. A sequence control cir- 
cuit prevents the first conveyor from continuing to 
operate unless the second conveyor has started and is 
running. See Figure 21-30. 

In this circuit, pressing start pushbutton PB2 ener- 
gizes coil M1 and causes auxiliary contacts М1 to close. 
With auxiliary contacts М1 closed, PB2 has memory 
and provides an electrical path to allow coil M2 to be 
energized when start pushbutton PB4 is pressed. 

With start pushbutton PB4 pressed, coil M2 ener- 
gizes and closes contacts M2, providing memory for 
start pushbutton PB4 so both conveyors run. Conveyor 
1 (coil M2) cannot start unless conveyor 2 (coil M1) is 
energized. Both conveyors shut down if an overload 
occurs in the circuit with coil М1 or if emergency stop 
pushbutton PB1 is pressed. Only conveyor 1 shuts down 
if conveyor 1 (coil M2) experiences an overload. A 
problem in conveyor 1 does not affect conveyor 2. 
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Selector Switch Jogging 


Jogging is the frequent starting and stopping of a motor 
for short periods of time. Jogging is used to position ma- 
terials by moving the materials small distances each time 
the motor starts. A selector switch is used to provide a 
common industrial jog/run circuit. See Figure 21-31. The 
selector switch (2-position switch) is used to manually 
open or close a portion of the electrical circuit. 

In this circuit, the selector switch determines if 
the circuit is a jog circuit or run circuit. Pressing start 
pushbutton PB2 with selector switch S1 in the open 
(jog) position energizes coil MI, causing the mag- 
netic motor starter to operate. Releasing start 
pushbutton PB2 de-energizes coil M1, causing the 
magnetic motor starter to stop. Pressing start 
pushbutton PB2 with selector switch S1 in the closed 
(run) position energizes coil M1, closing auxiliary 
contacts M1, providing memory so that the magnetic 
starter operates and continues to operate until stop 
pushbutton PB1 is pressed. 

Coil M1 de-energizes and all circuit components 
return to their original condition when stop pushbutton 
PBI is pressed. The overloads may also open the cir- 
cuit and must be reset after the overload is removed to 
return the circuit to normal operation. This circuit may 
be found where an operator may run a machine con- 
tinuously for production, but may stop it at any time 
for small adjustments or repositioning. 
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Starting and Stopping in Forward and Reverse 
with Indicator Lights 


Operators are often required to know the direction of 
rotation of a motor at a given moment. An example is a 
motor controlling a crane which raises and lowers a 
load. The line diagram of a crane control circuit is ca- 
pable of indicating through lights the direction the 
motor is operating. By the electrician adding name- 
plates, these lights could indicate up and down direc- 
tions of the hoist. See Figure 21-32. 

In this circuit, pressing the momentary contact for- 
ward pushbutton causes the normally open and nor- 
mally closed contacts to move simultaneously. The 
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normally open contacts close, energizing coil F while 
this pushbutton is depressed. Coil F causes the memory 
contacts F to close and the normally closed electrical 
interlock to open, isolating the reversing circuit. The 
forward pilot light turns ON when holding contacts F 
are closed. The NC contacts of the forward pushbutton 
open and isolate the reversing coil R for the period of 
time the pushbutton is depressed. 

Pushing the momentary contact reverse pushbutton 
causes the normally open and normally closed contacts 
to move simultaneously. The opening of the normally 
closed contacts de-energizes coil F. With coil F 
de-energized, the memory contacts F1 open and the 
electrical interlock F closes. The closing of the nor- 
mally open contacts energizes coil R. Coil R causes 
the holding contacts КІ to close and the normally closed 
electrical interlock to open, isolating the forward cir- 
cuit. The reverse pilot light turns ON when the memory 
contacts R close. Pushing the stop pushbutton with the 
motor running in either direction stops the motor and 
causes the circuit to return to its normal position. 

Overload protection for the circuit is provided by 
the heater coils. Operation of the overload contacts 
break the circuit, opening the overload contacts. The 
motor cannot be restarted until the overloads are reset 
and the forward or reverse pushbutton is pressed. 

This circuit provides protection against low volt- 
age or a power failure. A loss of voltage de-energizes 
the circuit and hold-in contacts F or R open. This de- 
sign prevents the motor from starting automatically 
after the power returns. 


STARTING AND STOPPING IN FORWARD AND REVERSE 
WITH INDICATOR LIGHTS 
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NOTE: CIRCUIT MAY BE CONVERTED TO A TWO-SPEED 
MOTOR CONTROL CIRCUIT BY CHANGING FORWARD STARTER 
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ACTUATED (DOOR OPEN OR CLOSED) 
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Fluid Power 


Fluid power is the transmissión and control of en- 
ergy by means of a pressurized fluid. A fluid is a 
liquid or a gas that can move and change shape with- 
out separating when under pressure. Pressurized 
fluid multiplies force simply and efficiently. Fluid 
power is used to move, cut, bend, punch, align, and 
control applications requiring forces ranging from 
several pounds to several hundred thousand pounds. 
Fluid power may use liquid (hydraulics) or air (pneu- 
matics) to produce work. 


Hydraulics 


Hydraulics is the transmission of energy using a liq- 
uid (normally oil). A liquid is a fluid substance that 
can flow readily and assume the shape of its con- 
tainer. The flow rate in a hydraulic system is easily 
regulated because a liquid is relatively noncom- 
pressible. All hydraulic systems are closed systems 
because the fluid is returned, filtered, and reused. 
Hydraulic systems are preferred for applications re- 
quiring great forces. Forces of a few pounds to sev- 
eral hundred thousand pounds can be delivered by 
hydraulic cylinders, motors, and rotary actuators. 
Hydraulic systems are standard for most applica- 
tions requiring a high force in a small area. See 
Figure 22-1. 


Hydraulic system applications include forklifts, 
forming and stamping machines, clamping, pile driv- 
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ing, industrial robots, farm equipment, mining equip- 
ment, most high-force industrial machining opera- 
tions, and power steering systems for automobiles, 
trains, ships, and airplanes. In industrial machining 
operations, the hydraulic force can be directly used 
to perform work on the product. Such work includes 
clamping, bending, forming, punching, feeding, and 
ejecting parts, as well as moving worktables in and 
out of machine and clamping tools. 


Force Transmission 


Force transmission is accomplished by pressurizing 
the oil and directing it throughout the hydraulic sys- 
tem. Filtered oil from a reservoir flows into the hy- 
draulic pump. The hydraulic pump develops flow as 
the pump rotates. The pump is normally driven by 
an electric motor or internal combustion engine. Elec- 
tric motors are commonly used in industrial applica- 
tions in which the hydraulic unit is fixed in one place. 
Internal combustion engines are used in mobile ap- 
plications, such as earthmovers, forklifts, farm equip- 
ment, mining equipment, and automobiles. See 
Figure 22-2. 
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When a new hydraulic system is installed, . 
clean the intake pump strainer after 25 hr of 
operation and again after 50 hr of operation. | 
After the first two cleanings, clean every 600 hr 
of operation. 
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Drive Motors 


Electric motors are the most common motor used to 
drive hydraulic pumps. The shaft of an electric motor 
is coupled to the shaft of a hydraulic pump directly 
using a motor coupling, or indirectly using belts. In 
many hydraulic systems, an electric motor is used to 
drive several different pumps simultaneously. Different 
pump sizes are used to deliver different flow volumes 
to different parts of the circuit. 


The electric motor is turned ON and OFF using 
a motor starter. The motor starter is normally con- 
trolled by a standard start/stop pushbutton station. 
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Three-phase motors are preferred because they are more 
energy-efficient than 1 motors. Single-phase motors 
are used if 36 power is not available. Regardless of 
the motor used, the motor control circuit remains the 
same. The motor power circuit depends on the exact 
motor type and voltage used. See Figure 22-3. 


Buildup on the intake pump strainer causes i 
cavitation (inability of a pump to draw a full | 
charge of oil) and other pump problems. i 
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Hydraulic Pumps 


A hydraulic pump creates a vacuum on its inlet port. 
The vacuum causes oil to be drawn into the pump. 
The pump traps the oil and forces it through its outlet 
port under pressure. See Figure 22-4. 


A strainer is normally connected to the pump's 
inlet port. The inlet strainer prevents dirt from en- 
tering and damaging the hydraulic pump. The inlet 
strainer is normally mounted in a horizontal position 
to help prevent air from entering the system as the 
oil level is lowered. Filters are also commonly added 
to the return lines. Return line filters help remove 
particles before they enter the reservoir. 
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Hydraulic pumps may be classified as positive dis- 
placement or variable displacement. A positive-dis- 
placement pump is a pump that delivers a relatively 
constant output flow. Positive-displacement pumps 
are the most common pumps used in fluid power 
applications. 


The primary purpose of a positive-displacement 
pump is to produce flow, not pressure. The output 
flow of a positive-displacement pump is directly pro- 
portional to the speed of the pump shaft. For exam- 
ple, if the speed of the shaft increases by 25%, the 
output flow increases by 25%. 
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The amount of pump flow is stated in gallons per 
minute (gpm). Although a pump's output can be in- 
creased by increasing the speed of the pump, pump 
life is reduced when operated at high speeds. For 
this reason, a large pump operating at a slow speed 
is selected for an application over a small pump op- 
erating at a fast speed. 


Pressure in a fluid power system is produced when 
the fluid flow is restricted. The pressure produced is 
directly proportional to the resistance placed against 
the fluid flow. Resistance to the flow of fluid is pro- 
duced by the forces placed on the cylinders and other 
circuit components. The higher the resistance, the 
higher the pressure. Likewise, the lower the resis- 
tance, the lower the pressure. 


The amount of force required to operate a pump 
depends on the amount of flow (in gpm) and pressure 
(in psi) at which the pump must operate. To calculate 
the required motor horsepower when an electric mo- 
tor is used to produce the force, apply the formula: 


OXR 
HR = зане 
1714x Eff 
where 
HP = required motor horsepower 
Q = pump flow rate (in gpm) 
P = pump pressure (in psi) 
1714 = constant 
Eff = motor efficiency (in %) 
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Motor efficiency is the measure of the effective- 
ness with which a motor converts electrical energy 
to mechanical energy. Motor efficiency varies with 
the type and the size of the motor. The larger the 
motor, the higher the efficiency. See Figure 22-5. 


An 80% to 85% motor efficiency is used when 
determining motor size if the actual efficiency of a 
motor is not known. The 80% efficiency number pro- 
duces a slightly higher horsepower requirement, but 
allows for greater overloading of the motor that may 
develop as additional requirements are placed on the 
fluid power system and/or the motor’s efficiency is 
reduced over time from wear and improper ventila- 
tion. For this reason, an 80% efficiency number is 
used when calculating motor horsepower. 


Example: Calculating Required Horsepower 


What is the required horsepower of a motor that 
drives a pump that must deliver 10 gpm when the 
system pressure is 1000 psi? 

Q xP 
1714x Eff 
_ 10x 1000 
— 1714x.8 
10,000 
13712 
HP = 7.29 HP 


Although the required horsepower is 7.29 HP, a 
7.29 HP motor is not available as a standard motor. 


Hp 


НЕ 


The next larger standard motor size is selected when 
a nonstandard size motor is required for an applica- 


tion. For this application, a 7l? HP standard motor 
is selected. See Figure 22-6. 


TYPICAL MOTOR EFFICIENCIES 


EUN 


Tables show the required motor horsepower for 
pumps that must deliver flow rates of 1 gpm to 
100 gpm at system pressures of 100 psi to 5000 psi. 
See Appendix. The required motor horsepower must 
be increased if the system pressure or flow rate is 
increased. This must be considered when selecting a 
motor because the motor size is normally not in- 
creased after the system is installed. After the system 
is installed, an increase in required horsepower re- 
sults in overloading the motor. An overloaded motor 
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is determined by measuring the current at the motor 
with a clamp-on ammeter. The current drawn by a 
motor should not exceed the current rating listed on 
the motor nameplate when the fluid power system is 
in normal operation. 


Pressure Relief Valves 


A pressure relief valve is a valve that limits the 
amount of pressure in a fluid power system. Pressure 
relief valves are used as safety valves to prevent dam- 
age that may be caused by excessively high pressure. 
Pressure relief valves are 2-way, normally-closed 
valves that are set to open at a given pressure. Pres- 
sure relief valves are closed and no fluid is allowed 
through the valve when the pressure in the system 
is below the setting of the valve. The valve opens 
and relieves the pressure in the system when the pres- 
sure in the system increases to the setting of the valve 
(or higher). The relief valve closes when the pressure 
in the system drops below the relief valve setting. 
See Figure 22-7. 


Select a 25% larger cylinder and a 25% | 
higher system pressure than is mathematically ` 
required to move the load when determining 
cylinder size and system pressure. | 
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Cylinders 


Cylinders are the most common fluid power actua- 
tors. À cylinder is a device that converts fluid energy 
into a linear mechanical force. An actuator is a de- 
vice that converts fluid energy 1nto mechanical mo- 
tion. Actuators can produce linear motion (cylinders), 
rotary motion (fluid motors), or partial rotary motion 
(rotary actuators). 


Fluid power cylinders are used in applications re- 
quiring pushing, pulling, lifting, clamping, tilting, 
blocking, etc. The area of the cylinder and the pres- 
sure in the fluid power system determine the force 
that the cylinder produces. The total force of a fluid 
power cylinder is determined by calculating the area 
of the cylinder and then applying the formula to de- 
termine total force. To calculate total force of a fluid 
power cylinder when extending, apply the procedure: 
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MOTOR RATINGS" 


К ОЗЬ БО Шоо о 
Уо, 142, УВ, V6, Уз, Va, 10, Ya 
1, 1%, 2, 3, 5, 7%, 10, 15, 20, 25, 30, 40, 50, 60, 75, 100, 125, 150, 200, 250, 300 


350, 400, 450, 500, 600, 700, 800, 900, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 3000, 
3500, 4000, 4500, 5000, 5500, 6000, 7000, 8000, 9000, 10,000, 11,000, 12,000, 13,000, 
14,000, 15,000, 16,000, 17,000, 18,000, 19,000, 20,000, 22,500, 30,000, 32,500, 35,000, 
37,500, 40,000, 45,000, 50,000 


Full-special order motors of greater 
than 250 HP to 400 HP (depending 
on the manufacturer) must be 
special ordered from the man- 
ufacturer's distributor. 


* dimensions are for typical motor sizes and vary by manufacturers 


1. Calculate area of cylinder. A = area (in sq in.) 
2 
А = nr п = 3.14 
where r? = radius squared 


2. Calculate total force. 


TR = PXA 

where 

ТЕ = total force (in Ib) 
P = pressure (in sq in.) 
A = area (in sq in.) 
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Example: Calculating Cylinder Extending Force 


What is the total extending force of a fluid power 
cylinder that has a 4" bore operating at 2000 psi of 
system pressure? 


1. Calculate area of cylinder. 


A = nr? 


Aux 2х2 

А = 12236 вайп. 
2. Calculate total force. 

IP =P ХА 

TF = 2000 x 12.56 

TF = 25,120 Ib 
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The area of the rod must be considered when de- 
termining the total force a cylinder can produce when 
retracting. The reason for this is that the rod area 
reduces the total (effective) area at which the fluid 
can push against the piston when retracting. See Fig- 
ure 22-8. The area of the rod is subtracted from the 
total area of the cylinder when calculating the total 
force of a retracting cylinder. To calculate the area 
of a cylinder when retracting, apply the procedure: 
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1. Calculate area of cylinder. 


A = nr? 


where 
A - area (in sq in.) 
m= 3.14 
r? = radius of cylinder squared 
2. Calculate area of rod. 
AR = nr? 
where 
Ак = area of rod (in sq in.) 
m= 3.14 
r? = radius of rod squared 
3. Calculate effective area of cylinder when retract- 
ing. 
AE = А — AR 
where 
AE = effective area of cylinder (after subtracting 
rod area) 
A - area of cylinder (in sq in.) 
AR = area of rod (in sq in.) 


390 ELECTRICAL PRINCIPLES AND PRACTICES 


4. Calculate total retracting force. 
ТЕЕ ЕР ХА 
where 
TF = total force (in 16) 
P = pressure (in sq in.) 
А = area (in sq in.) 
Example: Calculating Cylinder Retracting 
Force 
What is the total retracting force of a fluid power 
cylinder with a 2" bore and a l^" rod operating at 
1000 psi of system pressure? 


]. Calculate area of cylinder. 


A = ni? 
A=3.14x1x 1 
A = 3.14 sq in. 


2. Calculate area of rod. 
AR = nr? 
Ap 04 x25 x. .25) 
Ак = 3.14 x .0625 
Ак = .1962 sq in. 
3. Calculate effective area of cylinder when retracting. 
AE = А — AR 
Ag = 3.14 — .1962 
AE = 2.9438 sq in. 


4. Determine total retracting force. 


TF=PXA 
TF = 1000 x 2.9438 
ТЕ = 2943.9 Ib 


Fluid Power Motors 


A fluid power motor is a motor that converts pres- 
surized fluid force into rotating motion. Fluid power 
motors are used in applications where electric motors 
are not suitable. Fluid power motor applications in- 
clude operating in explosive environments, high am- 
bient temperatures, totally submerged applications, 
and applications in which the motor is often stalled. 
No damage is done to the source of power or com- 
ponents when a fluid power motor stalls. 


Fluid power motors are variable speed and variable 
torque motors. The speed of a fluid power motor de- 
pends on the volume of pressurized fluid delivered 
to the motor. The volume is adjusted by increasing 
or decreasing the flow rate into the motor. The flow 
rate is set by a flow control valve. The higher the 
flow rate, the faster the motor rotates. The lower 
the flow rate, the slower the motor rotates. See Fig- 
ure 22-9. 
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The amount of fluid pressure determines the 
amount of torque. The amount of fluid pressure is 
set by a pressure control valve. The higher the pres- 
sure, the higher the torque. The lower the pressure, 
the lower the torque. 


Most fluid power motors are designed to run in 
either direction. The direction of rotation of a fluid 
power motor is reversed by reversing the direction 
of fluid flow in the motor. 


Rotary Actuators 


A rotary actuator (fluid power oscillator) is an ac- 
tuator that moves back and forth over a fixed arc 
that is less than one complete revolution (360?). The 
actuator may move any number of degrees for which 
it is designed. Common movements include 15°, 30°, 
45°, 90°, 120°, and 180°. 


Rotary actuators are used for clamping parts, 
opening and closing gates, loading parts into a ma- 
chine, unloading or dumping parts, transferring parts, 
and applications that require a turning force. See Fig- 
ure 22-10. 


The advantage of using a rotary actuator is that 
it can be used to move very small (light weight), and 
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very large (heavy) loads. For example, rotary actua- 
tors are used on ships to open and close hatches, on 
railroads for controlling valves and dumping freight 
cars, and in industry for lifting, lowering, moving, 
pulling, pushing, and transferring parts of all sizes. 


Directional Control Valves 


A directional control valve is a valve that is used to 
direct the flow of fluid throughout a fluid power sys- 
tem. Directional control valves are identified by the 
number of positions, ways, and types of actuators 
the valve contains. 


Positions 


A directional control valve is placed in different po- 
sitions to start, stop, or change the direction of fluid 
flow. A position is the number of positions within 
the valve in which the spool is placed to direct fluid 
through the valve. A directional control valve nor- 
mally has two or three positions. Some directional 
control valves have four or more positions. 


ROTARY ACTUATOR APPLICATIONS 
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Two-position valves are used to place a hydraulic 
or pneumatic cylinder in the fully extended or fully 
retracted position. Three-position valves are used to 
place a hydraulic cylinder in the fully extended po- 
sition, fully retracted position, or any position be- 
tween fully extended and fully retracted. Four- (or 
more) position valves are used in special applica- 
tions. See Figure 22-11. 
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A way is a flow path through a valve. Most direc- 
tional control valves are either 2-way, 3-way, or 4- 
way valves. The number of ways required depends 
on the application. Two-way directional control 
valves have two main ports that allow or stop the 
flow of fluid. Two-way valves are used as shutoff, 
check, and quick-exhaust valves. Three-way valves 
allow or stop fluid flow or exhaust. Three-way valves 
are used to control single-acting cylinders, fill-and- 
drain tanks, and nonreversible fluid power motors. 
Four-way directional control valves have four (or 
five) main ports that change fluid flow from one port 
to another. Four-way valves are used to control the 
direction of double-acting cylinders and reversible 
fluid motors. See Figure 22-12. 
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Valve Actuators 


Directional control valves must have a means to 
change the valve position. An actuator is a device 
that changes the position of a valve. Directional 
control valve actuators include pilots, manual lev- 
ers, mechanical levers, springs, and solenoids. See 
Figure 22-13. 
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COMMON VALVE ACTUATORS 


Pushbutton, lever, and foot (pedal) actuators are 
used to manually operate valves. Solenoids are used 
to electrically operate valves. Springs are used to set 
a valve in a “normal” position. Actuators can be used 
individually or in combination. For example, many so- 
lenoid-operated valves also include a manual operator. 
The manual operator is normally included so that the 
valve can be manually tested when troubleshooting the 
circuit, and to allow the valve to be switched when 
there is no electrical power in the circuit. 


Normally Closed and Normally Open Valves 


A normally closed (NC) valve is a valve that does 
not allow pressurized fluid to flow out of the valve 
in the spring-actuated position. А normally open 
(NO) valve is a valve that allows pressurized fluid 
to flow out of the valve in the spring-actuated posi- 
tion. Two-way and 3-way valves may be either nor- 
mally open or normally closed. The valve must have 
a spring position to be normally open or normally 
closed. See Figure 22-14. 


Normally closed and normally open are used in 
the fluid power and electrical fields. The terms have 
the opposite meaning in each field. For example, nor- 
mally closed in the fluid power field means that no 
fluid pressure flows in the valve's normal position. Nor- 
mally closed in the electrical field means that electrical 
pressure flows in the switch's normal position. Care 


must be taken not to confuse the meaning of normally 
closed and normally open when working on fluid 
power equipment that is electrically controlled. 
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Two-Way Valve Applications 


Two-way valves are used to start and stop the flow 
of a liquid or gas. Two-way valves have two ports 
located on the valve. One port is connected to the 
pressurized fluid and the other port is the outlet port. 
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The pressurized fluid may be air (pneumatic system), 
oil (hydraulic system), or any type of product. For 
example, 2-way valves are used to control the flow 
of pressurized paint, glue, food products, gas, etc. 


Two-way valves that include a spring position are 
either normally closed or normally open. A normally 
closed valve does not allow the pressurized fluid to 
flow through it in the normal (spring) position. See 
Figure 22-15. 


The 2-way valve is a solenoid-operated, spring- 
return valve. The spring position is the normal posi- 
tion and the valve is in the spring position any time 


DIRECTION OF 
FORCE ON SPOOL 


ARMATURE 


SOLENOID 
COVER 


SOLENOID 
COIL 


CONTROL 
VOLTAGE 


FLUID 
IN -— 


[h 


SYMBOL 


SOLENOID 
OPERATED 


SPRING 


the solenoid is not energized. The valve changes po- 
sition and allows the pressurized fluid to flow when 
the solenoid is energized. 

Two-way valves may also be normally open. A 
normally-open valve allows the pressurized fluid to 
flow through it in the normal (spring) position. See 
Figure 22-16. 
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containing surfaces (Pascal’s law). | 
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The 2-way valve is а solenoid-actuated, spring-return 
valve. The spring position is the normal position and 
the valve is in the spring position any time the so- 
lenoid is not energized. The valve changes position 
and does not allow the pressurized fluid to flow when 
the solenoid is energized. The valve changes back to 
the spring position and the pressurized fluid is al- 
lowed to flow through the valve when the solenoid 
is not energized. 


Solenoid-actuated, 2-way valves are commonly 
used in applications that require the starting and stop- 
ping of product flow. For example, a 2-way valve 
may be used to control the flow of product into a 
container. The pressurized product (food, etc.) is con- 
nected to the valve. The valve is opened to dispense 
the product and closed to stop the flow. The product 
container may be detected by a photoelectric or prox- 
imity switch. Once detected, a one-shot timer is used 
to energize the solenoid for a preset amount of time. 
See Figure 22-17. 
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Three-Way Valve Applications 


Three-way valves are used to start and stop the flow 
of a liquid or gas and also allow for the exhaust (or 
return to reservoir) of the compressed fluid. Three- 
way valves have three ports located on the valve. 
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One port is connected to the pressurized fluid, an- 
other port is the outlet port, and the third port is the 
exhaust (air) or reservoir (oil) port. The pressurized 
fluid is normally air or oil. Unlike 2-way valves, 3- 
way valves are generally not used to control any type 
of product flow. This is because the flow of a product 
is normally only started or stopped, not returned 
to a tank. Three-way valves are generally used to 
control single-acting cylinders and nonreversible 
fluid power motors. A single-acting cylinder is a cyl- 
inder that requires pressurized fluid in only one port, 
such as a spring-return cylinder, spring-advance cyl- 
inder, or cylinder in which the weight of the load is 
used to move tbe cylinder in one direction only. 


Like 2-way valves, 3-way valves that include a 
spring position are either normally closed or nor- 
mally open. A normally-closed valve does not allow 
the pressurized fluid to flow through it in the normal 
(spring) position. See Figure 22-18. 


The 3-way valve is a solenoid-actuated, spring-re- 
turn valve. The spring position is the normal position 
and the valve is in the spring position any time the 
solenoid is not energized. The valve changes position 
and allows the pressurized fluid to flow when the 
solenoid is energized. The valve returns to the spring 
position and connects the outlet port to the exhaust 
(or tank port) when the solenoid is not energized. 
This allows any air in the cylinder to exhaust (pneu- 
matic system), or any oil in the cylinder to return to 
reservoir (hydraulic system). 


Three-way valves may also be normally open. А 
normally-open valve allows the pressurized fluid to 
flow through it in the normal (spring) position. See 
Figure 22-19. 


The 3-way valve is a solenoid-actuated, spring-re- 
turn valve. The spring position is the normal position 
and the valve is in the spring position any time the 
solenoid is not energized. The valve changes position 
and does not allow the pressurized fluid to flow when 
the solenoid is energized. The pressurized fluid from 
the circuit is connected to the outlet (exhaust) port. 
The valve returns to the spring position and the pres- 
surized fluid is allowed to flow through the valve 
when the solenoid is de-energized. 
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Т he absolute pressure of a confined body of | 
gas varies inversely with its volume, provided | 
its temperature remains constant (Boyle's law). | 


396 ELECTRICAL PRINCIPLES AND PRACTICES 


THREE-WAY NORMALLY CLOSED VALVES 


DIRECTION OF DIRECTION OF 
FORCE ON SPOOL FORCE ON SPOOL 
ARMATURE ARMATURE 


SOLENOID SOLENOID umo SOLENOID 
COVER OPERATED COVER 


SOLENOID SOLENOID 


COIL 
CONTROL S CONTROL JL1 
VOLTAGE YL2 -O E VOLTAGE \L2 -O 
"li А 
2 
Й р 
Е Е А 
mae Р 
N oe 4 


А 
RETURN 
RETURN FLUID 
SPRING \ A RETURN FLUID FROM 
= circuit 


(BLOCKED) 
SYMBOL SYMBOL (BLOCKED) 
2-POSITION, 3-WAY NORMALLY 
CLOSED, SOLENOID-ACTUATED 
PICTORIAL SPRING-OFFSET VALVE PICTORIAL 


ENERGIZED POSITION DE-ENERGIZED POSITION 


SSSA 
WEIT 


THREE-WAY NORMALLY OPEN VALVES 


DIRECTION OF DIRECTION OF 
FORCE ON SPOOL FORCE ON SPOOL 


i ARMATURE t ARMATURE 


SOLENOID SOLENOID : SOLENOID 
COVER OPERATED COVER 


SOLENOID SOLENOID 
COIL 


AIR GAP Nz 


CONTROL JL! -O ч 
VOLTAGE \L2 -O VOLTAGE (L2 -O 


A 
Gaul { ИТИ 
өы Г ore ruens "D sat \ Lind nup 
By @ciRcuUT Е Бот 
о «HE B SYMBOL SYMBOL (BLOCKED) 


2-POSITION, 3-WAY NORMALLY 
CLOSED, SOLENOID-ACTUATED 


PICTORIAL SPRING-OFFSET VALVE PICTORIAL 
| ENERGIZED POSITION DE-ENERGIZED POSITION 

Solenoid-actuated, 3-way valves are commonly valve is that no electricity is required to operate the 
used in applications that include a spring-return cyl- circuit. The advantage of using a solenoid-actuated 
inder. For example, a 3-way valve can be used to valve is that additional circuit control is easily added. 
control a spring-return cylinder that is used to clamp For example, a limit switch may be added to the elec- 
a part in place. The pressurized fluid (air or oil) is trical circuit to prevent the cylinder from being op- 
used to advance the cylinder and clamp the part under erated unless a guard is in place. The guard activates 
high force. The spring in the cylinder is used to return the limit switch and the limit switch is connected in 
the cylinder. The advantage of using a spring-return series with the foot switch. 


cylinder is that only one fluid power line must be 


un ie ш оз iom 22201 Likewise, a pressure switch could also be added 


to prevent the clamp cylinder from advancing unless 

In this circuit, either a foot-operated valve or a the required system pressure was reached. A low sys- 
solenoid-actuated valve controlled by a foot switch tem pressure could create a dangerous condition by 
can be used. The advantage of using the foot-operated not clamping the part at the required force. 
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Four-Way Valve Applications 


Four-way valves are used to control double-acting 
cylinders and reversible fluid power motors. A dou- 
ble-acting cylinder is a cylinder that requires fluid 
pressure to advance and retract the cylinder. A fluid 
power motor is a device that converts fluid energy 
into rotary mechanical motion. Four-way valves 
have four (or five) ports located on the valve. One 


port is connected to the pressurized air, two ports 
are used-as the outlet ports, and one (or two) ports 
are used as the exhaust ports. The two outlet ports 
are connected to a double-acting cylinder or revers- 
ible fluid power motor. Only one tank (drain) port 
is normally used if the valve is controlling oil. Either 
one exhaust (single exhaust) or two exhaust (dual 
exhaust) ports are used if the valve is controlling air. 
See Figure 22-21. 
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Unlike 2-way and 3-way valves, 2-position, 4-way 
valves do not have a normally open or normally 
closed position. This is because the pressurized fluid 
is always flowing out from one of the two outlet 
ports. The valve changes the outlet port that the pres- 
surized fluid is flowing out of, but does not stop it. 
A 3-position valve must be used if an application 
requires the fluid not to flow out of a 4-way valve 
in one position of the valve. In a 3-position valve, 
the center position is normally used to stop the flow 
of fluid through the valve. See Figure 22-22. 
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In this application, a 4-way valve is used to control 
two double-acting cylinders. A 2-position valve is 
used if the cylinders are to be either fully retracted 
or fully extended. A 3-position valve is used if the 
cylinders are to be stopped in any position between 
fully extended and fully retracted. The 3-position 
valve includes a center position that blocks the 
flow of fluid to both sides of the cylinder. In a 
hydraulic system, the cylinders are held in whatever 
position they are in when the valve switches to the 
center position. The valve switches to the center posi- 
tion any time both solenoids are de-energized. The 
valve is a spring-centered valve. Spring-centered valves 
work with oil because oil 1s considered to be noncom- 
pressible. An air-operated application would not work 
well because air is compressible and the weight on 
the cylinders could allow the cylinders to move. 


Flow Control Valves 


A flow control valve is a valve used to control the 
volume of fluid that passes through a circuit. By con- 
trolling the flow, the cylinder speed or the fluid motor 
speed is controlled. Liquid flow rate is normally ex- 
pressed in gpm. One gallon is equal to 231 cu in. 
Air flow is normally expressed in cubic feet per min- 
ute (cfm). Most flow control valves include a built-in 
check valve. A check valve is a valve that allows the 
fluid to flow in one direction only. See Figure 22-23. 


CHECK VALVES 


FREE FLOW DIRECTION 
рещ 


=> 


SPRING 


| 
NO FLOW DIRECTION 


CHECK VALVE E 


When a flow control valve includes a check valve, 
the valve can control fluid flow in one direction and 
allow full flow in the other direction. To control the 
amount of fluid flowing through the valve, the valve 
includes a flow adjustment. The more the valve is 
opened, the greater the flow through the valve. The 
more the valve is closed, the less the flow through 
the valve. See Figure 22-24. 
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Pneumatics 


Pneumatics is the transmission of energy using air. 
Air is the mixture of gases that are present in the 
atmosphere. Air has the properties of a fluid. Unlike 
molecules of a solid or liquid, air molecules are not 
freely attracted to each other and are easily com- 
pressible. Pneumatic systems are open systems be- 
cause the air is exhausted to the atmosphere after it 
is used. See Figure 22-25. 


Pneumatic systems are preferred for applications 
requiring low forces. The advantages of using pneu- 
matic systems in low-force applications include rela- 
tively low cost, high speeds, and small leaks that do 
not shut down the operation. Examples of pneumatic 


Fluid Power Circuits 399 


applications include pneumatic wrenches, air brakes, 
dental drills, air clamps, injection molding machines, 
automatic gates and doors, and impact guns. 


Pneumatic systems are also used in wet locations 
or in areas that may contain an explosive atmosphere. 
For example, pneumatic systems are used in many 
mining operations to reduce the hazards of sparks 
and shock that may be present in an electrical system. 


Air Compressors 


An air compressor (pump) is a device that increases 
the pressure of atmospheric air to the desired pressure 
of the receiver tank. Air from the atmosphere flows 
into the inlet of the air compressor. The air compressor 
is normally controlled by an electric motor. The electric 
motor is controlled by a pressure switch. The pres- 
sure switch is connected to the receiver tank. The 
pressure switch energizes the motor starter that con- 
trols the electric motor driving the compressor when 
the pressure in the receiver tank drops below the set- 
ting of the pressure switch. The normally closed 
contacts on the pressure switch are used because 
the switch is in the normal position any time pressure 
is below the setting of the switch. 


Pneumatic system piping is designed to minimize 
air loss between the receiver tank located near the 
compressor and the point of use. A 1046 pressure 
loss is allowable under normal operating conditions. 
Pneumatic system piping is selected for its mechani- 
cal and noncorrosive properties rather than for its 
ability to withstand pressure because 250 psi is nor- 
mally the maximum pressure used in a pneumatic 
system. Long distribution piping systems (and pres- 
sure drop) may be reduced by installing more than 
one compressor at convenient locations. 


Fluid Conditioners 


Atmospheric air contains some moisture and dirt. 
Some dirt can be removed by adding a filter on the 
inlet side of the compressor. Air filters are also nor- 
mally located in the pressure line before compo- 
nents and immediately preceding power tools. The 
filters protect against failure from large particles 
as well as gradual failure from small particles that 
increase wear in pneumatic components. Filters 
must be cleaned or replaced before they become 
clogged. A clogged filter reduces compressor 
pumping efficiency. 
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Compressed air contains moisture. The presence 
of moisture in a pneumatic system can cause prob- 
lems such as rust, pressure drops, and lubricant re- 
moval from surfaces. To condition the compressed 
air, the air should pass through an air filter, a pres- 
sure regulator, and a lubricator before it is deliv- 
ered to components using the compressed air. 


Filters are used to remove dirt, dust, and moisture 
from the air. Lubricators are used to add a small 
amount of oil to the compressed air. Lubrication in- 
creases efficiency and helps maintain the sliding sur- 
faces inside cylinders, valves and air tools. A 
regulator is added to set the pressure of the system. 
See Figure 22-26. 
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A filter/regulator/lubricator unit is commonly 1о- 
cated at each workstation to condition and regulate 
air from the main supply line. Porous metal filters 
combined with deflectors use centrifugal force to 
separate out moisture from the air. The moisture is 
periodically removed from the filter by means of a 
drain cock located in the bottom of the filter. 


Pneumatic Circuits 


After air is compressed, filtered, lubricated, and regu- 
lated, the air is used to produce work similarly to 
hydraulic oil. The symbols for most of the compo- 
nents used in a pneumatic circuit are basically the 
same as those used in a hydraulic circuit. Generally, 
the difference between hydraulic and pneumatic cir- 
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cuits is that a pneumatic circuit requires meter-out 
devices on cylinders to prevent lunging when the load 
resistance is reduced or removed. This occurs be- 
cause air is compressible and expands to fill the avail- 
able space provided. In addition, no return lines are 
required because air can be released directly into the 
atmosphere. See Figure 22-27. 


In this circuit, two double-acting cylinders are 
used to form a part by making two different bends 
on the part. Four-way directional control valves are 
required because the cylinders are double-acting. To 
add more control to the circuit, the 4-way valves are 
solenoid operated. The solenoids can be controlled 
manually by placing the selector switch in the manual 
position and using the pushbuttons. The solenoids can 
also be controlled automatically by placing the se- 
lector switch in the automatic position and allowing 
the timers to control the solenoids. 


In the automatic position, timer 1 is used to delay 
the start of the operation. The operation starts 5 sec 
after the selector switch is placed in the automatic 
position because timer 1 is set for 5 sec. A start-up 
alarm sounds during the 5 sec period. This alarm is 
added to warn operators that the circuit is automat- 
ically going to start. 


All five timers are energized when thé selector 
switch is placed in the automatic position. The timers 
can be individually set for any required time setting. 
In this application, each timer is set 5 sec longer 
than the other. This allows the circuit to automatically 
change which solenoid is energized every 5 sec. 
Timer 5 does not operate any solenoids. It is used 
to automatically restart the circuit after both cylin- 
ders have completed their operation. 


In this circuit, the alarm energizes when the se- 
lector switch is placed in automatic position. The in- 
itial bend cylinder extends 5 sec after the selector 
switch is placed in the automatic position (solenoid 
1 energizes), and the alarm de-energizes. The initial 
bend cylinder retracts 5 sec after it extends (solenoid 
1 de-energizes and solenoid 2 energizes). The finish 
bend cylinder extends 5 sec after the initial bend cyl- 
inder retracts (solenoid 2 de-energizes and solenoid 
3 energizes). The finish bend cylinder retracts 5 sec 
after it extends (solenoid 3 de-energizes and solenoid 
4 energizes). Timer 5 times out in 5 sec and opens 
the normally-closed TR5 contact. The opening of the 
normally-closed TR5 contact resets the circuit and 
the operation automatically restarts with the alarm 
being energized. 
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Sound 


Sound is energy that consists 6f pressure vibrations 
in the air. Sound is produced by pressure vibrations 
that originate from a vibrating object. The vibrations 
travel outward in waves. Vibrating objects produce 
pressure vibrations which cause recurring compres- 
sion and rarefaction of air. Compression is an area 
of increased pressure in a sound wave produced when 
a vibrating object moves outward. Rarefaction is an 
area of reduced pressure in a sound wave produced 
when a vibrating object moves inward. Sound is 
heard when the vibrations are picked up by a person's 
ears. See Figure 23-1. 
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Sound waves take the shape of a sine wave. A 
sine wave is a symmetrical waveform that contains 
360°. A sine wave reaches its peak positive value 
at 90°, returns to 0 at 180°, increases to its peak 
negative value at 270°, and returns to 0 at 360°. 
See Figure 23-2. A sine wave is a pure tone (fun- 
damental) with no harmonics. А harmonic is an over- 
tone whose frequency is a multiple of the 
fundamental frequency. 
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A cycle is one complete positive and negative al- 
ternation of a wave form. A sine wave has one posi- 
tive alternation and one negative alternation per 
cycle. A single complete cycle of a sound pressure 
wave consists of one half-cycle of compression of 
air molecules, followed by one half-cycle of rarefac- 
tion of air molecules. Loud sounds compress and rar- 
efy air molecules to a greater extent than soft sounds. 


Frequency 


Frequency (f) is the number of air pressure fluctua- 
tion cycles produced per second. Sound consists of 
various frequencies. Frequency is measured in hertz 
(Hz). Hertz is the international unit of frequency and 
is equal to one cycle per second (cps). See Figure 
23-3. To calculate frequency, apply the formula: 


1 
т 
where 
f = frequency (in Hz) 
1 = constant (for reciprocal relation between f and 
Т) 
Т = period (in sec) 


Example: Calculating Sound Wave Frequency 


What is the frequency of a waveform that requires 
.2 sec to complete one cycle? 


if 
1 
f-5Hz 


The faster an object vibrates, the higher the fre- 
quency produced. The slower an object vibrates, the 


lower the frequency produced. As the frequency in- 
creases, the wavelength decreases. Wavelength is the 
distance covered by one complete cycle of a given 
frequency sound as it passes through the air. Sound 
waves travel through the air at a speed of 1130 ft/sec 
at sea level at a temperature of 59?F. The speed of 
sound is independent of frequency. To calculate 
wavelength, apply the formula: 
5 


y 


where 

W z wavelength 

s — speed of sound (in ft/sec) 
f = frequency (in cps) 


Example: Calculating Wavelength 


What is the wavelength of a 5000 Hz sound wave 
traveling at 1130 ft/sec? 


S 
w=“ 

f 

1130 
W = $000 
W = .226 ft 


Low frequencies produce deep, bass sounds that 
vibrate at several hundred vibrations per second. 
High frequencies produce high, shrill sounds that vi- 
brate at several thousand vibrations per second. A 
sound with a 10 Hz frequency vibrates at 10 cps. 
Every second, the air particles move up and down 
10 times. 


Е луігоптепіаі conditions such as wind, іет- 
perature, and humidity have an effect on how 
sound waves travel outdoors. 
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Figure 23-3 


A person with good hearing can hear sounds with 
frequencies ranging from about 20 Hz to 20 kHz. As 
a person ages, the upper limit of their hearing de- 
creases. Alarms, horns, and bells normally operate 
at one frequency. Sirens normally operate at a fre- 
quency that varies slightly. Speakers operate at fre- 
quencies within the human hearing range. The 
frequency spectrum is the range of all possible fre- 
quencies. The audio spectrum is the part of the frequency 
spectrum that humans can hear (20 Hz — 20 kHz). See 
Figure 23-4. 
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Period (T) is the time required to produce one 
complete cycle of a sound wave. The period of a 
sound wave is expressed in seconds. To calculate the 
period of a sound wave, apply the formula: 

| 
quu 
f 


where 

T = period (in sec) 

l = constant (for reciprocal relation between f and 
T) 

f = frequency (in cps) 
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Example: Calculating Sound Wave Period 
What is the period of a 2000 Hz sound wave? 


f 
1 
= 2000 
Т = .0005 sec 
РИСһ 


АП sounds have the three basic aspects of pitch (fun- 
damental frequency), timbre (overtone structure), and 
sound intensity (volume). Pitch is the highness or 
lowness of a sound. Frequency corresponds to the 
musical attribute of pitch. For example, the higher 
the frequency, the higher the perceived pitch of the 
sound. Pitch is determined by the speed of the back- 
and-forth motion as air molecules are compressed 
and rarefied. The sound has a recognizable musical 
pitch if the compressions and rarefactions occur regu- 
larly between 20 and 20,000 times per second. Sound 
without a definite pitch occurs if air molecules move 
back-and-forth without a discernible pattern. Gener- 
ally, unpitched sounds are referred to as noise. 


Timbre 


Any single-pitched sound possesses a fundamental 
frequency (basic pitch) based on the length of one 
cycle of the waveform. Within the cycle, there may 
be subcycles (overtones) of higher frequencies mixed 
with the fundamental frequency. The presence and 
relative strengths of the frequencies determine the 
characteristics (tone) of the sound. The presence and 
relative strengths of the overtones of a sound deter- 
mines whether the sound is bright, dull, shrill, mel- 
low, rough, or smooth. 


The fundamental frequency of a sound is normally 
much louder than its overtones. The sound is muted 
and dull if the overtones are quiet. The sound is bright 
if the high overtones are loud relative to the others. 


Sound Intensity 


Sound intensity (volume) is a measure of the amount 
of energy flowing in a sound wave. Amplitude is the 
distance that a vibrating object moves from its po- 


sition of rest as it vibrates. See Figure 23-5. The 
larger the amplitude, the louder the sound. Sound 
waves that fluctuate in the air a small amount produce 
little sound. Eardrums are not vibrated much and the 
sound is considered soft. Sound waves that fluctuate 
in the air a large amount produce loud sounds. Ear- 
drums are vibrated a great deal and the sound is con- 
sidered loud. Eardrums may be damaged if the waves 
are too large (excessive sound level). The peak-to- 
peak value (amplitude) of a sine wave is the height 
of the waveform. Sine waves are specified as peak, 
peak-to-peak, average, or root-mean-square. 
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The peak value (Vmax) of a sine wave is the maxi- 
mum value of either the positive or negative alter- 
nation. The positive and negative alternation are 
equal in a sine wave. See Figure 23-6. The peak-to- 
peak value (Vp-p) of a sine wave is the value meas- 
ured from the maximum positive alternation to the 
maximum negative alternation. Peak-to-peak value is 
twice the peak value. To calculate peak-to-peak value 
(in volts, decibels, etc.), apply the formula: 


Vp-p = 2 х Vmax 

where 

Vp-p = peak-to-peak value 

2 = constant (to double peak value) 
Vmax = peak value 


Audio Systems 407 


SINE WAVE AMPLITUDE 
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AVERAGE 
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Example: Calculating Peak-to-Peak Value 


What is the peak-to-peak value of a sine wave 
that has a positive peak alternation of 40 dB? 


Vp-p = 2 x Vmax 

Vp-p = 2 x 40 

Vp-p = 80 dB 

The average value (Vavg) of a sine wave is the 
mathematical mean of all instantaneous voltage val- 
ues in the sine wave. Average value is equal to .637 


of the peak value of a sine wave. To calculate average 
value (in volts, decibels, etc.), apply the formula: 


Vavg = Vmax X .637 

where 

Vavg = average value 

Vmax = peak value 

.637 = constant (mean of instantaneous values) 


Example: Calculating Average Value 


What is the average value of a waveform that has 
a positive peak alternation of 50 dB? 


Vavg = Vmax X .637 
Varo 30 xX 2637 


Vavg = 31.85 dB 


Root-mean-square (rms) value is a mathematical 
expression equal to .707 times the peak value of a 
waveform. Rms is used to describe the level of an 
audio signal. Rms values are similar to average val- 
ues. The average value of a signal does not vary much 
even with great variations in the peak value of a 
waveform. The peak values may vary wildly without 
a major effect on the average value of a waveform. 


PEAK-TO-PEAK 
VALUE (AMPLITUDE) 


The rms value corresponds closely with the sensitiv- 
ity of a person's ears to sound energy. 


The loudness and harmonic content of a sound is 
shown when the amplitude of the sound is plotted 
against time. See Figure 23-7. The height of the wave 
represents the sound's loudness (volume) and the 
number of times it crosses the horizontal axis while 
maintaining a recognizably repeating shape repre- 
sents the fundamental frequency. The wave's overall 
shape corresponds to its harmonic content (timbre). 


The decibel (dB) is the unit used to measure the 
intensity (volume) of sound. A decibel is Мо of a 
bel (unit named after Alexander Graham Bell). A Ре! 
is the logarithm of an electric, acoustic, or other 
power ratio. The decibel scale is logarithmic, which 
means that for every 3 dB increase in sound level, the 
power level must be doubled. For any given sound, the 
loudness doubles for every increase of 10 dB or is 
reduced by l^ for every decrease of 10 dB. For ex- 
ample, the sound level of normal conversation is one- 
half the sound level of a hair dryer. See Figure 23-8. 
Sound waves lose intensity as they spread outward. 
Thus, the loudness of a sound decreases as the dis- 
tance it travels increases. 


The decibel level of a sound wave represents a 
ratio of the level of sound to a reference level (nor- 
mally 0 dB). Zero dB represents the absolute faintest 
sound that a normal human ear can hear. As the sound 
intensity increases, the decibel level increases. The 
sound becomes painful if the level of sound continues 
to increase. A sound intensity of 130 dB is considered 
the pain threshold in the human ear. 
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The human ear is not equally sensitive over its 
entire frequency range. For example, a 20 Hz sound 
at 80 dB seems as loud as a 1 kHz sound at 20 dB. 
This is because at 20 Hz the human ear is not very 
sensitive to sound. A normal human ear is most sen- 
sitive to sounds between 3 kHz and 4 kHz. It nor- 
mally takes more sound pressure at low and very high 
frequencies for a person to perceive a sound to be 
equally as loud as a sound at 1 kHz. Sound sensitivity 
decreases with age. The hearing of old women drops 
to an upper range of about 10 kHz, and old men to 
about 8 kHz. Children and women tend to be more 
sensitive to sound than adult men. 


Caution: The sound levels that may cause perma- 
nent hearing damage vary with individuals and with 
the length of exposure to the sound. According to 
OSHA, 30 min is all a human ear can take at 110 dB. 
The human ear can take 2 hr at 100 dB or 4 hr at 
95 dB before it begins to be permanently damaged. 


Phase 


Phase is the time relationship of a sine (or sound) 
wave to a known time reference. Phase is expressed 
in degrees. One complete cycle of a sine wave equals 
360°. In sound systems, phase must be controlled 
because it affects how sounds add together. Sine 
waves add algebraically when they mix in the air. 


Sine waves add to form a sine wave of twice the 
level of the original if the sine waves are in phase. 


Sine waves that are 90? out-of-phase add to form а 
sine wave that is 1.414 times higher than the original 
sine waves. Sine waves that are 180? out-of-phase 
totally cancel each other. See Figure 23-9. 


Audio Systems 


An audio system is an arrangement of electronic com- 
ponents that is designed to reproduce sound. Audio 
systems amplify sound by converting it into electrical 
energy, increasing the power of the electrical energy 
by electronic means, and converting the more pow- 
erful electrical energy back into sound. Almost all 
households have some type of audio system. Audio 
systems amplify sound to help individuals hear some- 
thing better, make sound louder for artistic purposes, 
enable people to hear sound in remote locations, and 
reproduce recorded or broadcast sound. 
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Audio systems include clock radios, portable sys- 
tems, shelf systems, separate component systems, and 
sophisticated concert theater sound systems. A clock 
radio is a small electric device that keeps time and 
has a tuner to receive broadcast signals. A portable 
audio system (boombox) is a small, lightweight elec- 
tric device that contains an amplifier, tuner, tape 
player, and speakers in one portable enclosure. Port- 
able systems are used to reproduce and amplify sound 
at outdoor locations. A shelf system is a complete 
audio system that is designed to play the various 
audio formats in a minimum of space. Shelf sys- 
tems contain all electronic circuitry in one enclo- 
sure and are designed for offices, apartments, dorm 
rooms, etc. or anywhere space is a premium. 


gne ie yiip mer 


| (TECH Some audio devices are available with a sup- l 

TIP ply voltage selector switch. Always check to | 
í ensure the switch is set on the correct voltage ||! 

before plugging the cord into an AC outlet. —— 


——MM—————— 


efron sci tins quine ny 


SINE WAVE PHASE RELATIONSHIP 


SINE WAVES 
IN-PHASE 


IN-PHASE SINE WAVES 


CREATE NEW SINE WAVE THAT 


IS TWICE ORIGINAL 


SINE WAVES 90° 
OUT-OF-PHASE 


SINE WAVES 180° 
OUT-OF-PHASE 


180° OUT-OF-PHASE 
SINE WAVES CANCEL 
EACH OTHER 


90° OUT-OF-PHASE SINE WAVES 
CREATE NEW SINE WAVE THAT 
IS 1.414 TIMES ORIGINAL 


410 ELECTRICAL PRINCIPLES AND PRACTICES 


A separate component system is an audio system 
that contains individual, stand-alone components that 
are interconnected to allow the playing of the various 
audio formats. Separate component systems require 
a greater space than portable or shelf systems, but 
the individual components may be selected based on 
the user's preferences. A concert theater sound sys- 
tem is a large audio system used to project high- 
quality sound for a theater. Concert theater sound 
systems are normally high-power systems that are tai- 
lored for the specific theater. Concert theater sound 
systems may contain many speakers and can be used 
to amplify live performance sounds. 


Audio systems may contain amplifiers, preampli- 
fiers, receivers, tuners, tape decks, turntables, com- 
pact disc (CD) players, speakers, and microphones. 
The electronic circuitry for these devices may be in- 
tegrated into a single cabinet, such as in a portable 
or shelf system, or may be placed in stand-alone de- 
vices such as in the components in a separate com- 
ponent system. These devices enable the reproduction 
of sounds from different formats such as broadcast 
signals (tuner), cassette tapes (tape decks), records 


(turntables), and compact discs (compact disc play- 
ers). See Figure 23-10. 


Most audio systems, with the exception of clock 
radios, are stereo systems. A stereo system is an audio 
system that uses two independent channels that are 
routed to a pair of speakers situated to the right and 
left of the listener. Stereo systems reproduce the 
sound characteristics of the three-dimensional space 
in which the recorded performance originally took 
place. Stereo systems sound bigger, brighter, fuller, 
and more realistic than a mono (one-channel) system. 


Some stereo systems are also available with sur- 
round sound. Surround sound is an effect that pro- 
vides a feeling of left/right and front/back sound 
movement as well as reverberated and reflected 
sound similar to a concert hall. The electronic cir- 
cuitry in a receiver or amplifier decodes the surround 
information in the source signal to produce the left/right 
and front/back aspect of the original sound environ- 
ment. Surround sound is produced by placing front and 
rear speakers to the left and right of the listening area 
in addition to a front center speaker. Surround sound 
is only available on amplifiers and receivers that con- 
tain surround sound circuitry. See Figure 23-11. 
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Amplifiers 


An amplifier is an electric device that turns medium- 
level audio signals into strong audio signals that are 
sent to speakers. An amplifier is designed to increase 
the current, voltage, or power of an applied signal. 
Some amplifiers have built-in preamplifiers. A pre- 
amplifier is an electric device that accepts low-level 
audio signals like those from microphones and turn- 
tables and amplifies them to medium-level audio sig- 
nals that are sent to an amplifier. A public address 
(PA) system is a specialized industrial-strength am- 
plifier designed primarily for speech, high power, and 
long, hard use. The inputs and outputs of a PA system 
are often tailored to the application that involves one 
or two microphones feeding several speakers. Con- 
sumer amplifiers are often integrated with tuners, 
tape players, compact disc players, and/or speakers 
to form a shelf or portable system. A receiver is a 
tuner and amplifier contained in the same enclosure. 
A tuner is an electric device designed to receive radio 
broadcast signals and convert them into electrical sig- 
nals that can be amplified. See Figure 23-12. 
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An amplifier, powered by alternating current (AC) 
or direct current (DC), strengthens the signal applied 
to it. An amplifier sends a strong electrical signal to 
the speakers. The electrical signal from the amplifier 
becomes vibrations in the speakers, making sound 
that is heard. By turning the amplifier volume control 
up or down, the electrical signals sent to the speakers 
are strengthened or weakened, making them vibrate 
more vigorously or gently. An amplifier may be de- 
scribed by its power (number of watts of signal it 
can produce), frequency response, and distortion. 


Amplifier power is the measure of power going 
into an amplifier to make it work. The more watts 
of power, the louder the sound the amplifier and 
speakers can produce. Power (wattage) is normally 
listed on the back of almost any electronic device. 
Wattage is the number of watts a device uses to op- 
erate. A typical amplifier may use 100 W of electrical 
power to run its circuits while producing only 4 W 
of sound signal sent to the speakers. The more power 
sent to the speakers, the louder the sound. 


Portable radios normally have 1 W to 30 W ampli- 
fiers. Shelf systems normally have 10 W to 100 W 
amplifiers. A 40 W amplifier has enough power to 
drive high-quality speakers and fill a room with dis- 
tortion-free sound. Auditorium and multi-speaker 
public address systems require 100 W to 500 W am- 
plifiers to feed quality sound to hundreds of ears. 
For stereo sound, amplifiers require twice the power, 
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such as 50 W for the left channel and 50 W for the 
right channel. Most power goes into the bass sounds. 
The high-frequency sounds require only a few watts 
for clear reproduction. The bass sounds require large 
amounts of power for clear reproduction. 


Speakers create sound by generating pressure 
waves in the air. The molecules in the air are packed 
together more tightly in certain areas (peaks) and are 
spread slightly farther apart in other areas (troughs). 
The peaks and troughs are not stationary but move 
through the air at about 1130 ft/sec, which is the 
speed of sound. While the waves move at a constant 
speed, they are not evenly spaced. Hundreds or thou- 
sands may pass a stationary point every second when 
many are packed close together. The number passing 
a stationary point every second may be one, two, or 
a few dozen when they are spaced farther apart. 


Bandwidth is the range of frequencies that a device 
can accept within tolerable limits. Different audio 
devices have different frequency responses due to the 
limitations of their technology. Amplifiers, speakers, 
tape decks, microphones, and turntables all have spe- 
cific, non-overlapping uses. Therefore, their perform- 
ance requirements are different. 


For high-quality sound reproduction, an amplifier 
and speaker that gives the full range of frequency 
response (20 Hz — 20 kHz) is required. Frequency re- 
sponse is given as a range of frequencies and a plus 
or minus decibel level. The smoother and flatter 
the frequency response, the better the amplifier. For 
example, a +1 dB variation at the high and low 
frequencies indicates a good amplifier. A low-qual- 
ity amplifier may start to drop off at 10 kHz. See 
Figure 23-13. 


Amplifier distortion is often referred to as total 
harmonic distortion (THD). Total harmonic distor- 
tion is a measure of how much an amplifier exag- 
gerates or colors the sound going through it. THD 
is given as a percentage, such as 0.05% THD. The 
lower the value, the better quality amplifier. 


Impedances 


Impedance is a measure of how much an input or an 
output resists the signal traveling through it. Imped- 
ance is expressed in ohms (Q). Impedance is the 
sum of resistance and reactance. Resistance in a 
circuit is always constant regardless of the fre- 
quency passing through the circuit. Reactance is 


frequency-dependent. However, at low frequencies 
like those in the audio spectrum (20 Hz to 20 kHz), 
most impedances act like resistances and are treated 
in the same way. 
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Microphones have outputs and speakers have in- 
puts. Almost all other audio devices have inputs and 
outputs, A signal source is an audio device that pro- 
vides a signal to another audio device. A load is a 
device that receives a signal from the source. A 
speaker is a load to an amplifier. Both sources and 
loads have impedances. 


Audio devices normally have two impedances, one 
for their input and one for their output. The lower 
the impedance, the less the opposition to current flow. 
The higher the impedance, the greater the opposition 
to current flow. An ideal amplifier has extremely high 
input impedance (preferably infinite) and extremely 


low output impedance (preferably zero). The input 
impedance is kept as high as possible to prevent the 
load from overloading the source. The connection 
looks like a short circuit to the source when the input 
impedance of the load falls too low. An extremely 
high input impedance looks like an open circuit to 
the source driving the load and does not require much 
of a signal. A low source output impedance is re- 
quired to maximize the voltage transfer from the out- 
put of the source to the input of the load. 


For the transfer of a signal to occur with a mini- 
mum of loss, the source impedance should be much 
lower than the load impedance. Only 50% of the volt- 
age reaches the load if the two impedances are iden- 
tical. For this reason, almost all audio devices have 
a very low output impedance and a very high input 
impedance. Input impedances commonly range from 
1 КО to 200 КО. Output impedances commonly range 
from 200 Q to 2 Q. 


The output of an amplifier (source) has an imped- 
ance that matches the impedance of the speakers 
(load) to carry the signal with maximum efficiency. 
Most speakers designed for residential use have 8 О 
impedances. Thus, most stereo amplifiers for residen- 
tial use have 8 Q speaker outputs because in driving 
a speaker, the prime concern is that power transfer 
is maximized. Some amplifiers have outputs for 
speakers with different impedances. Small speak- 
ers may have 4 Q impedances and a few speakers 
may have 2 О or 16 О impedances. Versatile am- 
plifiers may have several outputs, one for 4 О, 8 Q, 
and 16 Q impedances. 


Connecting devices in parallel lowers the total 
load impedance seen by the source. The tota! load 
impedance can fall below the minimum load imped- 
ance the amplifier can handle, causing the amplifier's 
output section to blow a fuse when multiple speakers 
are connected to one output. 
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The Radio Corporation of America (RCA) : 
originally developed the RCA pin connec- 


} 


tor for internal chassis connections in ra- |. 
dios and televisions. 


Amplifier Connections 


Compact disc players, tuners, turntables, VCRs, and 
tape decks are connected to a receiver or amplifier 
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to enable the reproduction of sounds from compact 
disc, broadcast, record, video cassette tape, and audio 
cassette tape formats. Ensure that the power switch 
is OFF before connecting any device to a receiver 
or amplifier. An RCA cable is commonly used to 
interface audio devices. RCA cables consist of two 
conductors in a protective insulation. The ends of 
the cable consist of a metal ring and pin (plug) that 
is connected to the jacks on the back of an audio 
device. See Figure 23-14. 


RCA cables are normally grouped in sets of two. 
RCA cables are available with red and white plugs. 
The white plug is used to connect the left channel 
and the red plug is used to connect the right channel. 
RCA plugs should be fully inserted into the jacks. 
A loose connection may cause noise. An antenna is 
connected to the back of a receiver or tuner to im- 
prove the reception of AM and FM broadcasts. 


Tape Decks 


A tape deck (tape player) is a device that converts 
electrical signals to magnetic impulses and transfers 
these impulses onto tape. Tape decks allow the re- 
cording and playback of sound on magnetic cassette 
tapes. Tape decks are connected to amplifiers or re- 
ceivers to record and play cassette tapes or may be 
an integral part of a portable or shelf system. See 
Figure 23-15. 


A tape deck contains record, playback, and erase 
heads. The heads may be different devices or com- 
bined on one device. A record head is an electro- 
magnet that converts electrical vibrations into 
magnetic vibrations. A ribbon of magnetizable tape 
slides over the record head and is magnetized. The 
sound vibrations are changed to electrical vibrations 
inside the tape deck. The electrical vibrations are 
changed to magnetic vibrations and stored on the tape 
by the record head. See Figure 23-16. 


A playback head is an electromagnet which senses 
the changing magnetism on a magnetic tape and con- 
verts it into a weak electrical signal. As a tape is 
played, it slides over the playback head, which con- 
verts the stored magnetic vibrations into an electrical 
signal that is sent to an amplifier or receiver, where 
it is amplified and sent to speakers. An erase head 
is a electromagnet that erases all magnetic vibrations 
on a tape. 
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The advantage of tape decks is that cassette tapes 
may be recorded and erased repeatedly. The disad- 
SEPARATE COMPONENT vantages of tape decks are that the vibrations may 
= get jumbled if the tape machine does not pull the 
tape smoothly over the record and playback heads 


CHES 


and the repeated recording and erasing of cassette 
tapes decreases the sound quality of the recorded ma- 
terial. Cassette tapes may have magnetic vibrations 
already on them that leave noise when the tape is 
played. The tape may stretch and cause the vibrations 
to stretch and be played at the wrong frequency. The 
tape deck motor may not run at a constant speed due 
to slipping, loose belts, or pulleys. This may cause 
the pitch of the music to waver. 


The latest tape development is digital audio tape 
(DAT). DAT stores signals in discrete values. Discrete 
refers to unconnected elements that constitute a sepa- 
rate entity. Sound consists of continuous variations 
in air pressure. Digital audio systems break up the 
continuous variations into a series of discrete values. 


A sound is picked up by a microphone and con- 
verted into a continuously varying voltage. At the 
input of a DAT player, the signal passes through an 
analog-to-digital (A-to-D) converter which samples 
the voltage level at regular intervals. The individual 
sample points are stored as bihary numbers on a spe- 
cially-formulated tape. Digital signals have only two 
levels, ON or OFF. The signal is either present (ON), 
or absent (OFF). The presence of a signal is a HIGH, 
or logic “1”. The absence of a signal is a LOW, or 
logic *0". When played back, a digital-to-analog (D- 
to-A) converter retrieves the stored numbers and con- 
verts them back into continuous analog voltages that 
can be sent to an amplifier or receiver. 


The advantage of digital recording over analog re- 
cording is that it is easier to design circuits that re- 
quire data to be processed, displayed, and stored 
digitally. Also, background noise is eliminated, while 
the dynamic range (the difference in level between 
the loudest and softest sounds that can be accurately 
recorded) is increased if the A-to-D and D-to-A con- 
verting is done properly. 


Turntables 


A turntable is a record player without an amplifier. 
A record is a vinyl disk that contains small grooves 
which contain recorded sounds (music, audio, etc.). 
A record is made when electrical vibrations are sent 
to an electromagnet that wiggles a needle as it 
scrapes the grooves in a record. Every sound vibra- 
tion is turned into an electrical vibration. The elec- 
trical vibrations are turned into needle vibrations that 
leave a tiny vibration in the groove of the record. 
Turntables may be integrated into the same cabinet 
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as other audio devices or may be a separate audio 
component. See Figure 23-17. 
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A platter is the flat disk that rotates a record. A 
tone arm is the device that holds the cartridge. The 
tone arm transfers the electrical signal from the car- 
tridge to the amplifier. A cartridge is a vibration sen- 
sor that holds a needle. The cartridge sends the 
electrical signal from the needle to the tone arm. The 
needle sits in the record groove. As each vibration 
vibrates the needle, a tiny electric current is generated. 
The electric current is sent to an amplifier where it is 
turned into sound vibrations. Most cartridges are mag- 
netic. A magnetic cartridge contains a coil of wire and 
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a magnet that produces the electrical signal from the 
vibrating needle. Magnetic cartridges produce weak 
signals that are similar to a microphone. 


Record needles (styli) are made of diamond and 
are available in conical, elliptical, and line contact 
styles. A conical tip needle is the most common. A 
conical tip needle is the broadest needle. It misses 
some musical detail and wears the record grooves fairly 
rapidly. Elliptical tip needles are more expensive, ride 
deeper in the record groove, reproduce more of the 
high frequencies, and cause less wear than conical tip 
needles. Line contact needles are flatter than elliptical 
needles and ride deeper in the groove. This allows 
more surface area to contact the groove which causes 
less wear. A line contact needle follows the groove 
more closely and senses higher frequencies. 


A turntable drive is the mechanism that makes 
the platter spin. Turntables may have rim, direct, or 
belt drives. See Figure 23-18. A rim drive is an in- 
expensive drive system in which a motor drives an 
idler wheel. The idler wheel drives the platter. Minor 
bumps in the idler wheel produce rumble and flutter. 
A direct drive is a drive system in which the motor 
and platter are combined into one mechanical part. A 
direct drive has fewer parts to wear out than a rim 
drive. The highest quality turntable drive is a belt- 
drive system. A belt drive is a turntable drive that 
has the motor connected to an inner platter through 
a belt and pulley arrangement. The inner platter is used 
to turn the outer platter. Belt-drive turntables have ex- 
cellent speed control and low rumble and flutter. Belt- 
drive turntables require a long time to start spinning. 


Compact Disc Players 


A compact disc (CD) player is an electric device 
that plays music stored on a compact disc (CD) by 
means of reflecting light from a laser beam. Audio 
information (sound) is digitally recorded in stereo on 
the surface of a compact disc in the form of microscopic 
pits and flats. A lens arrangement focuses the laser 
beam from the CD player onto the CD surface. As the 
CD rotates, the laser beam, which is altered by the 
pits and flats, is reflected from the CD through a 
lens and optical system. The signal is used to repro- 
duce the digitally recorded sound. The reflected laser 
beam is converted into 1s and Os, which are then 
converted into an analog audio signal that is sent to 
an amplifier and speakers. CDs yield extraordinary 
sound quality and can be played thousands of times 
without deterioration. See Figure 23-19. 
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Some compact discs have been digitally recorded 
in a studio while others are copies of analog tape 
recordings. The Society of Professional Audio Re- 
cording Studios (SPARS) has devised a three-digit 
code using As (analog) and Ds (digital) to identify 
a CD’s source. The first letter identifies the original 
recording as analog or digital, the second letter iden- 
tifies whether the original recording was mixed to a 
digital or an analog recorder, and the third letter iden- 
tifies whether the mixdown was made into a digital 
or an analog recording for the CD laser master. For 
example, the code AAD indicates that the source was 
recorded on an analog tape, mixed to an analog tape 
recorder, and transferred to a digital master. 
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| reproduce soft sounds as well as loud sounds 
(dynamic range) and less harmonic distortion | 
than turntables and tape decks. 


Pm 


COMPACT DISC PLAYERS 


RADIAL 
TRACKING 


COIL 
OBJECTIVE 
LENS ROTATING 


COMPACT 


FOCUS COIL 


PHOTODETECTOR 


HALF PRISM 


OS 


Speakers 


A speaker is an electric device that converts electrical 
signals into sound waves. A speaker consists of a 
coil of wire (voice coil) attached to a paper or 
polypropylene cone. A vibrating electric current pass- 
ing through the voice coil creates a magnetic field 
that attracts or repels a large permanent magnet built 
into the rear of the speaker. This moves the cone 
back and forth, which causes the air around the 
speaker to pressurize and depressurize, producing 
sound waves. High-frequency signals cause the 
speaker cone to vibrate rapidly and produce high- 
frequency sounds. Low-frequency signals cause the 
speaker cone to vibrate slowly and produce low-fre- 
quency sounds. 


About 9596 of all speakers used in audio systems 
are electrodynamic speakers. An electrodynamic 
speaker is a speaker that uses a magnet and a coil 
of wire to move the cone to produce sound. The parts 
of an electrodynamic speaker include the frame, per- 
manent magnet, voice coil, iron core, bobbin, dust 
cap, spider, and suspension. See Figure 23-20. 
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The frame holds all the components together and 
provides the means to fasten the speaker to an en- 
closure or panel. The frame has cutouts in the back 
so air can circulate freely around the speaker cone. 
The diameter of the frame ranges from 1” to over 
15". Generally, the larger the size, the more volume 
the speaker can produce. Large speakers are nor- 
mally used to reproduce bass sounds and small 
speakers are normally used to reproduce midrange 
and treble sounds. 


As audio signals are continuously fed to the 
speaker, the varying magnetic field causes the voice 
coil to move back and forth over the iron core of 
the permanent magnet. А bobbin is a small paper, 
plastic, or metal cylinder around which the voice coil 
is wound. The bobbin is attached to the cone. The 
bobbin moves the cone and causes it to vibrate when 
the voice coil moves due to the electrical signal ap- 
plied to it. A dust cap is placed over the bobbin to 
form the inside center of the cone and keep dust and 
debris from entering the small gap between the voice 
coil and the permanent magnet. The inner edge of 
the cone, voice coil, and bobbin are attached to the 
frame through a flexible rubber or paper element (spi- 
der). The outer edge of the cone is attached to the 
frame through a flexible rubber, foam, or paper ele- 
ment (suspension). 
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Several different speakers are used to reproduce 
sounds in the frequency range between 20 Hz and 
20 kHz because no individual speaker can accurately 
reproduce all sounds in the complete range. Speaker 
types include tweeters, midranges, woofers, and full- 
range speakers. The frequency range overlaps to 
some extent across speaker types. See Figure 23-21. 
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A tweeter is a small speaker that is designed to 
reproduce high frequencies between 4 kHz and 22 kHz. 
Tweeters are normally under 2" in diameter. Tweeters 
use a paper or cloth cone, a plastic or metal dome, 
or a piezoelectric element and diaphragm. Tweeters 
have the most narrow sound dispersion. Dispersion 
is the scattering of sound waves. Sound waves pro- 
duced by tweeters travel in a narrow corridor through 
the air. Tweeters are often outfitted with horns and 
baffles to help disperse the sound. See Figure 23-22. 


A midrange is the most common speaker used to 
produce sound. A midrange is a speaker designed to 
reproduce sounds from about 1 kHz to 10 kHz. A 
midrange speaker reproduces most of the vocal and 
instrumental range, except for very high and low fre- 
quency sounds. Midrange speakers are available in 
sizes from about 3" to 8" in diameter. Most midrange 
speakers use paper, cloth, or polypropylene cones. 
Some midrange speakers use a small plastic dome to 
increase sound dispersion. 
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А woofer is a large speaker that is designed to 
reproduce low-frequency sounds. Woofers reproduce 
sounds from about 20 Hz to 3 kHz. Woofers can be 
any size from about 4" in diameter to over 15" in 
diameter. Woofers are commonly 10" to 12" in di- 
ameter in residential speaker systems. Felt paper and 
polypropylene are common woofer cone materials. 


Large quantities of air must be moved to realisti- 
cally reproduce bass sounds. The lower the sound 
(frequency), the greater the amount of air that must 
be moved. For this reason, woofers are large speak- 
ers that are designed to move the large volume of 
air necessary to reproduce the long wavelengths of 
bass sounds. 


A full-range speaker is a speaker designed to ade- 
quately reproduce most of the audio spectrum. Full- 
range speakers normally represent a compromise over 
a system using individual tweeter, midrange, and 
woofer speakers. No single speaker can accurately 
reproduce the entire range of human hearing. Full- 
range speakers are found in radios and TV sets. 
They are normally midsized so they reproduce low 
and high sounds adequately while reproducing mid- 
range sounds (most voice and music tones) excel- 
lently. Full-range speakers reproduce sounds from 
about 100 Hz to 6 kHz. 
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Speaker Frequency Response 


Speakers work over a certain frequency range. The 
frequency response is the variation of the speaker 
output over a frequency range. A speaker colors a 
sound if it reproduces certain frequencies to a greater 
extent while ignoring others. Ideally, a speaker 
should reproduce all frequencies relatively equally. 
Frequency response is normally illustrated in graph 
form plotting output level against frequency. See Fig- 
ure 23-23. 
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А frequency response graph shows the sonic range 
that speakers can reproduce and the accuracy to 
which the frequencies can be reproduced relative to 
the original recording. The speaker output varies plus 
or minus some decibel value around the midrange 
value. A good quality speaker has a frequency re- 
sponse graph that varies slightly over the audio fre- 
quency range with a slight drop off in output below 
20 Hz and above 20 kHz. A poor quality speaker has 
a frequency response graph that varies widely over 
the audio frequency range with a rapid drop off in 
output around 20 Hz and 20 kHz. 


A crossover network is an electrical device used 
to limit the frequencies sent to a particular speaker 
in a multiple-speaker system. А crossover network 
is required because it is inefficient to send low-range 
signals to a tweeter and high-range signals to a 
woofer. Neither produce any sound, yet both use 
some power. 


Speaker Enclosures 


A speaker that is not mounted in or on anything 
does not operate at maximum efficiency nor pro- 
duce the best sound reproduction. For this reason, 
all speakers are designed to be placed inside an 
enclosure or cabinet. 


Sound waves are emitted from the front and back 
of the speaker cone. Pressure waves from the back 
of a bare speaker can flow around the side of the 
speaker and fill the low-pressure area at the front of 
the speaker. This results in total or partial cancella- 
tion of the sound waves. The speaker is less efficient 
and distortion may result. Distortion is any unin- 
tentional change in the characteristics of an audio 
signal. The two most popular speaker enclosures 
are acoustic suspension and ported reflex enclosures. 
See Figure 23-24. 


In an acoustic suspension enclosure, the speaker 
enclosure is sealed. The movement of the speaker 
acts as a piston to compress and decompress the air. 
Acoustic suspension enclosures increase the stiffness 
of the speaker. This improves bass response, but sac- 
rifices some speaker efficiency. The amplifier has to 
deliver more power to produce the same volume. 


In a ported reflex enclosure, a small hole (nor- 
mally two to three inches in diameter) is cut into the 
enclosure. In most ported reflex enclosures, a tube 
is inserted in the hole. The tube acts as an air duct, 
providing a partial vent for the compressed and de- 
compressed air. Speaker cone motion emits sound 
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from the port. Low-frequency air vibrations within 
the port are in-phase with cone motion and output 
is increased when the port/enclosure combination is 
properly constructed (tuned). The bass efficiency of 
a ported reflex enclosure can be 5096 to 100% greater 
than that of an acoustic suspension enclosure. The 
cross-sectional area and length of the duct together 
with the enclosure volume determine the tuned fre- 
quency of the enclosure. 
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Speaker Power Ratings 


Speakers are measured by the amount or power (watt- 
age) they can handle. Speakers (especially woofers) 
often carry a peak and an average wattage rating. A 
peak power rating is the maximum power the speaker 


can take for a very short time. An average power 
rating is the amount of power a speaker can accept 
continuously without damage. The speaker voice coil 
may overheat and deform if the peak power rating 
is exceeded for more than a few seconds. This may 
cause permanent damage to the speaker. A typical 
peak power rating for 10” to 12” woofers is 50 W 
to 500 W. Midrange and tweeter cone speakers are 
smaller and cannot easily dissipate excess heat caused 
by extreme wattages. For this reason, midrange speak- 
ers have a peak power rating of 50 W to 100 W, 
and tweeters have a peak power rating of 40 W to 
50 W. 


Speaker Distortion 


Distortion is any unintentional change in the char- 
acteristics of an audio signal. Distortion is created 
in the electronic circuitry of tuners, amplifiers, turn- 
tables, and tape decks. Distortion normally appears 
as a fuzzy sound. Speakers also contribute distortion. 
Speaker distortion includes harmonic distortion, 
noise, transient response, and clipping. 


Harmonic distortion is the presence of frequencies 
in the speaker output which are not in the electrical 
input. These signals are caused by imperfect speaker 
and suspension behavior and are especially promi- 
nent when a speaker is driven to very high volume 
levels. Proper design of the speaker enclosure sig- 
nificantly reduces harmonic distortion. 


Speaker noise is a raspy sound caused by a dam- 
aged component, such as a torn cone. Pieces of acous- 
tic batting used to muffle the sound inside a speaker 
cabinet may create noise when they fall on the cone 
and vibrate as the cone moves. 


Transient response is the time delay from when a 
speaker cone moves from rest to when it responds 
to a sharp electrical pulse. The transient response 
(how fast the speaker reacts to make sound) depends 
on the stiffness of the cone and suspension and the 
enclosure design. A stiff cone and suspension resist 
movement, so the speaker may respond slower and 
cause a delay in the reproduced sound. 


Bottoming is a sharp clicking that occurs when a 
speaker cone cannot move as far as required by the 
audio signal. The speaker is not able to accurately 
reproduce the sound when bottoming occurs. Damage 
may result if the speaker is left operating in this con- 
dition because the cone, bobbin, or suspension may 


be torn. Bottoming is most prevalent in woofers, 
where the cone must move a great distance to produce 
a high volume level at very low frequencies. 


Speaker Connections 


A speaker becomes a load when it is connected to 
an amplifier or receiver. The speaker draws power 
to produce work. The amount of power a speaker 
draws depends on its power rating and impedance. 
Speaker impedance is the load value (in Q) that the 
speaker presents to an amplifier or receiver. Speakers 
normally have an impedance value of 8 O. Low-im- 
pedance speakers (4 О or less) may cause problems 
with certain amplifiers and receivers. 


Speakers added in parallel decrease the circuit re- 
sistance and increase the circuit current. See Figure 
23-25. For example, if two 8,Q speakers are con- 
nected in parallel, their combined resistance is 4 О. 
The amplifier or receiver must deliver twice the power 
to the speaker circuit to operate the speakers. Always 
check the manufacturer's recommended connections 
before adding any extra speakers to a system. 
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Caution: Ensure the amplifier is turned OFF be- 
fore connecting or disconnecting speakers to an am- 
plifier or a receiver. Some amplifiers and receivers 
can be damaged by short circuits or lack of circuits 
while connecting or disconnecting speaker wires. 


Speakers normally have a plus (red) and minus 
(black) connector for the two wires leading to them. 
Similarly, the amplifier or receiver has plus (red) and 
minus (black) terminals for the two wires coming 
from it. A speaker is connected by removing approxi- 
mately l^" of insulation from the ends of the speaker 
wire and connecting one speaker wire to the plus 
(red) terminal on the speaker and connecting the 
same wire to the plus (red) terminal on the amplifier 
or receiver. One end of the other speaker wire is con- 
nected to the minus (black) terminal on the speaker. 
The other end is connected to the minus (black) ter- 
minal on the amplifier or receiver. See Figure 23-26. 
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Although a speaker works if the wires are 
swapped, the speakers must be in-phase because a 
positive electrical vibration sent to an amplifier or 
receiver output should make both speakers move for- 
ward together (in-phase). One speaker moves forward 
while the other speaker moves away when the am- 
plifier pumps out a plus vibration, if the wires are 
switched on one speaker. The speaker moving away 
creates a negative sound pressure that cancels the 
positive sound pressure of the other speaker. The re- 
sult is weaker sound. Out-of-phase speakers give a 
hollow, thin sound. 


Microphones 


A microphone is an electric device that converts 
sound vibrations to weak electrical vibrations. Sound 
vibrations enter the microphone and vibrate a dia- 
phragm which creates a weak electric current. The 
weak electric current varies at the same rate as the 
original sound. This weak electric current is sent to 
the input of an amplifier, receiver, or tape deck. See 
Figure 23-27. 
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The sound quality of a microphone is measured 
by its frequency response. High-quality microphones 
have a wide frequency response which indicates that 
they are equally sensitive to low-, medium-, and high- 
frequency sounds. Microphones are often described 
using a microphone frequency response graph. The 
graph shows how sensitive a microphone is at various 
frequencies. See Figure 23-28. 


A good quality microphone has a relatively 
straight line from 20 Hz to 20 kHz. This indicates 
that the microphone is equally sensitive to all (or 
most) frequencies across the audio spectrum. Normal 
microphones are flat over a certain range. Peaks and 
valleys in the graph indicate that the microphone is 
more sensitive to some frequencies and less sensitive 
to others. A 10 dB dip in the graph line represents 
a 10 dB drop in power when the microphone repro- 
duces that frequency. The more peaks and valleys in 
the graph line, the less desirable the microphone is 
because it colors the sound. 


An electret condenser microphone is a micro- 
phone in which sound waves vibrate a diaphragm 
in the microphone next to a charged capacitor. A 
battery-powered electric circuit in the microphone 
senses the movement of the capacitor's electrical 
charge and sends these electrical vibrations to an am- 
plifier, a receiver, or a tape deck. A dynamic micro- 
phone is a microphone that senses sound using a 
magnet and a coil of wire. Dynamic microphones re- 
quire no batteries. 


Microphones can carry their signals to an ampli- 
fier, a receiver, or a tape deck through balanced or 
unbalanced lines. Residential and semiprofessional 
audio equipment uses unbalanced lines such as a 
patch cord. A patch cord is a cable that consists of 
two wires: a thin center conductor that carries the 
signal and a woven shield wire that encircles it. Patch 
cords are inexpensive wires that normally have two- 
conductor plugs on the ends, such as a mini, phone, 
or RCA plug. In an unbalanced line, the shield is a 
ground wire that keeps interference (hum and buzz) 
from entering the cable and distorting the signal. See 
Figure 23-29. 


The microphones, plugs, and wires for unbalanced 
lines are inexpensive and simple to maintain. They 
are adequate for carrying signals the short distance 
between components and amplifiers or receivers. Un- 
balanced lines pick up hum, radio interference, and 
noise from nearby motors. The longer the cable, the 
more interference picked up. Unbalanced lines pick 
up less hum when kept to a maximum of 10’. 
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Unbalanced | Audiotape recorders, 
VCRs, small portable 
equipment 


Unbalanced | Audiotape recorders, 
VCRs, most school 
AV equipment, and 
musical equipment 


Unbalanced | Some VCRs, nearly 
all turntables and 
tape decks 


Professional VCRs, 
most microphone 
mixers and other high- 
quality audio equip- 
ment, nearly all good 
microphones 


Balanced 


XLR or A3M 


EXE) 


A balanced line has three wires in the cable. One 
wire is connected to ground, one wire carries the 
in-phase (hot signal), and one wire carries the anti- 
phase (cold signal). The hot and cold signals are the 
same signal, only 180? out-of-phase of each other. 
Two signals that are exactly the same and are 180° 
out-of-phase with each other cancel each other when 
added together. 


OUTPUT (in dB) 


500 1000 2000 
FREQUENCY (in Hz) 
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5000 10,000 20,000 


Noise accumulates equally in the hot and cold sig- 
nal paths as an audio signal travels down a balanced 
line. The two signals are subtracted from each other 
electronically when they arrive at their destination. 
The similar signals (noise) get removed because they 
are found equally in both wires. The audio signals 
get boosted because subtracting out-of-phase signals 
is the same as adding in-phase signals. 


The plug at the end of a balanced cable has three 
pins and a canon (referred to as XLR or A3M) con- 
nector. Balanced lines can carry signals 100' or more 
and pick up very little electrical noise. Most pro- 
fessional and industrial audio equipment uses bal- 
anced lines. 


The various audio devices use different plugs and 
adapters to connect to different pieces of equipment. 
Portable equipment normally uses mini plugs because 
of their small size. Large equipment often uses 14” 
phone plugs and jacks because they are sturdy and 
inexpensive. Most connections from machine to ma- 
chine use RCA plugs and jacks. Professional audio 
equipment generally uses XLR plugs and jacks. Bal- 
anced lines with XLR plugs are connected to devices 
with unbalanced inputs through the use of a line 
matching transformer. See Figure 23-30. A line 
matching transformer is an adapter containing a 
transformer that changes the three-wire balanced sys- 
tem to a two-wire unbalanced system. 


T wo microphones used to record sound must | 
be placed so they pick up the sounds in-phase ` 
because out-of-phase sound waves may cancel 

each other. h 
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Signal Levels 


An audio signal is an electrical representation of a 
sound in the form of fluctuating voltage or current. 
Many different signals exist in an audio system. Sig- 
nal level is the amplitude or strength of an audio 
signal. Signal level is expressed in decibels. Different 
audio devices are designed to operate with specific 
signal levels. Some audio devices operate with high 
signals and some operate with low signals. Level 
standards have been developed so most equipment is 
compatible. Standard operating levels are micro- 
phone, instrument, line, and speaker levels. 


Microphone level is the signal level produced by 
a standard microphone. Microphone level is the low- 
est signal level. The diaphragm of a microphone must 
be sensitive enough to respond to the most minute 
variations in air pressure to pick up subtle sonic de- 
tails. Because of the small scale of the diaphragm's 
motion, the levels it generates are very low. Thus, a 
microphone's standard operating level ranges from 
—60 dB to —40 dB. This is why microphones are so 
susceptible to noise in long cable runs and require 
good shielding to reduce the chance of stray noise 
distorting the signal. Turntables are other devices that 
produce low signal levels. 


Instrument level is the signal level produced by 
instruments such as guitars and old keyboards. In- 
strument level ranges from —60 dB to +4 dB. 


Line level is the signal level produced by audio 
devices such as tape decks, PA systems, tuners, 
VCRs, and other devices. Line levels are normally 


—10 dB. Line-level devices must not be connected to 
the supersensitive mic in on a VCR, camcorder, or 
tape deck because the sound produced is distorted 
and raspy. 


Speaker levels vary with the volume settings of 
the amplifier or receiver. Never connect a speaker 
output to a line-level input. This can melt down the 
input of the line-level device. 


Audio System Maintenance 


Preventive maintenance and proper cleaning is the 
best protection against audio system problems. 
Audio circuits do not normally go bad. The mov- 
ing mechanical parts such as switches, plugs, mo- 
tors, wheels, speakers, and pushbuttons are the 
cause of most problems. Dust and dirt buildup is 
the major cause of a decrease in sound quality and 
device failure. 


Audio system devices should be cleaned peri- 
odically with a soft cloth moistened lightly with 
water. Never use scouring powder or solvent such as 
alcohol or benzene when cleaning audio devices. 


Tape decks become dirty when tape moves over 
the record and playback heads. This is due to the 
tape carrying dirt and flaking oxide, which builds up 
and creates a gap between the heads and the tape. 
This gap causes a muffled sound to be recorded 
and/or played back from the tape. 


The audio heads of tape decks should be cleaned 
when the sound becomes weak or muffled, the high 
frequencies suddenly disappear, or the tape squeaks 
or sticks as it passes through the device. The heads 
may have been knocked out of alignment or worn 
out if numerous cleanings do not improve the sound 
quality. Audio heads normally last about 2000 hr 
to 3000 hr. As they wear, they lose their high-fre- 
quency response, muffling the sound. A tape deck 
that eats tapes normally has a dirty or sticky cap- 
stan or pinch roller. 


Use a tape head cleaner or manually clean the 
heads and tape path with a cotton swab and solvent. 
Tape head cleaners are required for cleaning car tape 
players and other hard-to-reach tape decks. Manual 
head-cleaning kits contain swabs and a bottle of fluid 
which are used to manually clean the tape heads. 
See Figure 23-31. To clean a tape deck using a man- 
ual head-cleaning kit, apply the procedure: 
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]. Turn OFF the tape deck. 

2. Remove the tape from the machine. 
3. Vacuum dust. 
4 


. Clean the record/playback head and the capstan 
by dipping a swab in cleaning fluid and rubbing 
it across the parts. 


5. Clean the erase head. 
6. Clean tape guide(s). 


7. Clean the pinch roller. Rotate the roller with a 
finger while pressing the swab against the face 
of the roller. Let all parts dry before reassembling 
and putting a tape in the tape deck. 


Audio tape heads are electromagnets that are mag- 
netized by varying electric current. The heads nor- 
mally become demagnetized when the current is shut 
OFF. Long usage or very loud recording signals may 
cause a small amount of residual magnetism to re- 
main on the tape heads and any metal parts near the 
tape path. The residual magnetism can gradually 
erase a tape each time it is played. The tape gradually 
loses high-frequency response and gains hiss. This 
is avoided by occasionally demagnetizing the tape 
heads. A tape head demagnetizer is used to demag- 
netize tape heads. See Figure 23-32. To demagnetize 
tape heads, apply the procedure: 


DOOR 


1. Turn OFF the tape deck. 
2. Remove the tape from the machine. 


3. Turn ON the tape head demagnetizer approxi- 
mately 4' away from the tape deck. Move the tape 
head demagnetizer very slowly and smoothly 
whenever it is in the vicinity of the tape deck. 
Quick jerky motions can induce, rather than elimi- 
nate, a magnetic charge. 


4. Move the tape head demagnetizer probe close to 
the record/playback head, erase head, tape guides, 
and capstan. Hold the probe by each for 1 second 
and slowly remove when finished. 


5. Hold the tape head demagnetizer approximately 
4' away from the tape deck and turn OFF. This 
is required because the tape head demagnetizer 
sends out a pulse of magnetism when turned OFF. 
This could be left on the heads when the demag- 
netizer is turned OFF too close to the device. 


A cassette tape is a plastic film covered with a mag- 
netic powder. Anything that nicks, wrinkles, or scrapes 
the magnetic powder off the film reduces the quality 
of the recorded sound. Heat and dirt are the most det- 
rimental to cassette tapes. Never leave a cassette tape 
on a hot radiator, hot car, sunny window sill, dusty 
workshop, etc. Store cassette tapes in their plastic cases 
when not in use to keep out dust and dirt. 
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DEMAGNETIZING TAPE HEADS 


Store cassette tapes at average temperature and 
humidity (about 70°F and 50% or less humidity). 
Keep cassette tapes away from magnetic fields such 
as speakers, amplifiers, transformers, magnets, and 
electric motors. Remove the safety tab on any cas- 
sette tape that must not be erased. 


In a direct-drive turntable, the motor directly 
drives the turntable platter. There are no belts, pul- 
leys, or rubber wheels to slip or wear out. For this 
reason, direct-drive turntables have fewer mainte- 
nance problems than belt-drive turntables. Belt-drive 
turntable speed is reduced or made uneven when the 
belts get old, stretched, or slippery. 


A turntable may have a stretched drive belt if the 
turntable plays music at a slightly slower speed or if 
there are distorted sounds in the music. Replace the 
belt if it feels loose or looks stretched. Apply a nonslip 
solvent to clean glazed belts if they appear shiny. 


Records are very delicate. Records are kept clean 
by keeping the turntable platter clean, sweeping the 
record in the direction of the grooves with a fiber 
brush or velvet pad each time the record is played, 
and handling records by their edges or label only. 
Wash a record only with record cleaner. 


Store records vertically and away from sun and 
heat. Store records in their paper, polyethylene, or 
rice paper sleeves. Discard the plastic record cover 
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wrap. Its static electricity attracts dust and may 
shrink, warping the record. 


Compact disc players reproduce sound by means 
of a reflected laser beam. Error-correction circuitry 
in a compact disc player covers momentary lapses 
in a signal. For this reason, compact discs play if 
scratched and smeared with fingerprints. Covered-up 
sound is not true sound and the compensation process 
adds distortion. Bad scratches and dirt may overload 
the error-correction circuitry, causing a compact disc 
to skip, jump ahead, or eject. Keep compact discs in 
their cases to protect them. Handle the discs by their 
edges only and clean by gently wiping from the cen- 
ter to the edge of the disc with a soft lint-free cloth. 


Troubleshooting Audio Components 


Sound may be distorted at its source, in the cables, 
or when recorded. Plug headphones into the last de- 
vice in the audio chain when troubleshooting audio 
components. This is normally the tape deck that is 
recording the sound. The problem is heard from the 
tape deck if anything is wrong along the way. Begin 
troubleshooting by working toward the source if there 
is no sound at the tape deck. 


Ground all sources if all signals have hum. This 
is accomplished by plugging all devices into the same 
multiple AC outlet so the grounding wires in the elec- 
tric cords all go to the same place. Ensure that all 
volume controls share the load (amplifiers, tape 
decks, etc.). One volume control should not be ex- 
cessively high while another is low. 


A dirty or corroded connection between devices 
may cause a sound to crackle or pop in and out. The 
dirty connection is found by wiggling or twisting the 
plugs until the sound is restored. A corroded plug or 
jack may be polished with a pencil eraser or fine 
sandpaper. Flip any switches that affect the sound 
back and forth several times or rotate volume or tone 
controls up and down a few times. This removes ox- 
ide from the switch and volume control contacts. 
Contact cleaner may be used to clean switches or 
volume controls if they are not restored by switching 
or rotating. 


А microphone that sounds weak or has hum or 
hiss may not be the correct impedance. The micro- 
phone may be defective or of poor quality. The bat- 
tery may be weak if it is an electret condenser 
microphone. The problem is in the microphone, ca- 
ble, plug, or input if a single microphone does not 
work. There may be a loose or broken wire if wig- 
gling the wire near the microphone and plug produces 
a crackling sound. 


Turntable needle life is approximately 500 hr with 
most diamond needles. Diamond needles may chip 
especially if used heavily. This leaves a diamond stub 
that does not play well. Change the needle if a turn- 
table sounds scratchy or the needle skips. Many turn- 
table needles can be pulled out and a new one 
inserted into the cartridge. A needle that skips may 
also indicate an unlevel turntable platter. Use a 
pocket torpedo level to set the platter level. 


Ensure the ground wire of a turntable is secure at 
the back of the turntable and amplifier or receiver 
because a turntable that has a faint hum or buzz may 
have a loose ground wire. Ensure the turntable is not 
placed too close to an amplifier, high-intensity lamp, 
motor, or other device that radiates electrical inter- 
ference which can pass through the electrical wiring 
and into the amplifier. Move the turntable farther 
from the speakers if it rumbles or place it on a more 
solid support. Buy and install an AC line filter if 
hum and buzz are still a problem. An AC line filter 
is a device that absorbs electrical interference from 
motors, etc. before these signals can travel down the 
power line. 
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Move a compact disc player farther from the 
speakers if it skips easily. The speaker sound may 
vibrate the disc as it plays. Clean the laser (refer 
to manufacturer's instructions). It may be smudged 
or dusty. 


Check the amplifier, receiver, or source if speakers 
buzz or rattle, or if a sound is heard when there is 
no music playing. Remove the grille and tighten the 
screws that hold the speakers to the cabinet. The 
screws loosen with time and vibration. Gently and 
evenly push the midrange and woofer cones in if a 
speaker produces a buzz or rattle. The cone should 
move freely without scraping. The speaker may be 
warped and require replacement if it scrapes. A 
speaker cabinet may have a blown tweeter, woofer, 
or midrange if the speaker cabinet lacks highs, lows, 
or midranges. Cover the other speakers to determine 
if the remaining speaker makes any sound. 


TECH Some electric devices have AC power outlets 

TIP on the rear of their enclosure. Always con- © 
nect additional electric devices to these out- |! 
lets first before connecting the main device | 
to a power outlet. 


Device Safeguards 


Certain safeguards should be observed when using 
electric devices. Safeguards ensure long and safe de- 
vice operation. Read all safety and operating instruc- 
tions before operating any electric device. Keep 
safety and operating instructions for future reference. 


Never use an electric device near water such as 
bathtubs, kitchen sinks, laundry tubs, wet basements, 
or swimming pools. An electric device should be 
placed on a cart or stand that is recommenced by 
the manufacturer. The cart or stand should be moved 
with care. Quick stops, excessive force, and uneven 
surfaces may cause the cart or stand to overturn. Elec- 
tric devices should be mounted to a wall or ceiling 
only as recommended by the manufacturer. 


Place electric devices in a location that does not 
interfere with proper ventilation. For example, an 
electric device should not be placed on a bed, sofa, 
rug, or similar surface that may block the ventilation 
openings. Electric devices should not be placed in a 
bookcase or cabinet that may impede the flow of air 
through the ventilation openings. The device should 
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be placed away from heat sources such as radiators, 
heat registers, stoves, amplifiers, or other devices that 
produce heat. Electric devices should be connected 
to a power supply of the type described in the op- 
erating instructions or as marked on the device. Any 
device equipped with a polarized plug must be used 
with a polarized receptacle. The polarization or 
ground of a plug should not be defeated. Contact a 
qualified electrician if the receptacle being used is 
not polarized. Power-supply cords should be routed 
so that they are not likely to be walked on or pinched 
by items placed on or against them. 


An outdoor antenna should be located away from 
power lines. Ensure the antenna system is grounded 
if an outdoor antenna is connected to a receiver or 
tuner. Grounding is recommended if FM reception is 
impaired by noise. To ground, connect a thick poly- 
vinyl insulated wire to the GND terminal on the re- 
ceiver or tuner and attach the other end to a metal 
water pipe or grounding electrode. This provides 
some protection against voltage surges and built up 
static charges. Article 810 of the МЕС? provides in- 
formation on proper grounding of the mast and sup- 
porting structure, grounding of the lead-in wire to 
an antenna discharge unit, size of grounding conduc- 
tors, location of antenna-discharge unit, connection 
to grounding electrodes, and requirements for the 
grounding electrode. See Figure 23-33. 
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TIP N. ever use a gas pipe as a grounding electrode 
because a spark may cause an explosion if a 
gas leak is present. { 
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The power cord of an electric device should be 
unplugged from the outlet when unused for a long 
period of time. Care should be taken so that objects 


do not fall and liquids are not spilled into the enclo- 
sure. The device should be serviced by qualified serv- 
ice personnel when the power-supply cord or the plug 
has been damaged, objects have fallen or liquid has 
spilled into the device, the device has been exposed 
to rain, has been dropped, or the enclosure damaged. 


The user should not attempt to service the device 
beyond that described in the operating instructions. АП 
other servicing should be referred to qualified service 
personnel. Do not overload wall outlets and extension 
cords because this can result in fire or electric shock. 
Ensure the service technician has used replacement 
parts specified by the manufacturer or parts having the 
same characteristics as the original part when replace- 
ment parts are required. Unauthorized substitutions may 
result in fire, electric shock, or other hazards. Ask the 
service technician to perform safety checks to deter- 
mine that the device is in proper operating condition 
after completing any service or repairs. 
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Solid-State Controls 


Solid-state controls are devices that use electronic 
components such as transistors, SCRs, and triacs to 
switch and control the flow of current in a circuit. 
Advantages of solid-state controls include: 


e Long life relative to electromechanical devices 
e High reliability when properly installed and used 
e No contact arcing 


e High resistance to shock and vibration due to no 
moving parts 


e Very fast switching relative to mechanical switches 


Solid-state controls are used in many applications 
that previously used mechanical switches. For exam- 
ple, SCRs and triacs are now used to control motors. 
The use of solid-state controls to operate motors 
eliminates electrical contacts that may arc and 
cause a potential explosion hazard. Solid-state con- 
trols allow motors to be started and stopped in a 
controlled manner. Solid-state controls can soft start 
and soft stop a motor. Soft starting and soft stopping 
is the applying and removal of voltage to and from 
the motor in a controlled manner. Soft starts and soft 
stops reduce mechanical stress on motors, shafts, 
gear boxes, belts, and products being moved. See Fig- 
ure 24-1. 
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Semiconductor Theory 


All matter consists of an organized collection of atoms. 
Atoms are the smallest building blocks of matter that 
cannot be divided into smaller units without changing 
their basic character. The three fundamental particles 
contained in atoms are protons, neutrons, and electrons. 
Protons and neutrons make up the nucleus, and elec- 
trons whirl around the nucleus in orbits or shells. 

The nucleus is the heavy, dense center of an atom 
which contains protons and neutrons and has a posi- 
tive electrical charge. Protons are particles with a 
positive electrical charge of one unit. Neutrons are 
particles with no electrical charge. The nucleus is 
surrounded by one or more electrons. Electrons are 
negatively charged particles whirling around the nu- 
cleus at great speeds in shells. Each shell can hold 
a specific number of electrons. The innermost shell 
can hold two electrons. The second shell can hold 
eight electrons. The third shell can hold 18 electrons, 
etc. The shells are filled starting with the inner shell 
and working outward, so when the inner shells are 
filled with as many electrons as they can hold, the 
next shell is started. Electrons and protons have equal 
amounts of opposite charges. There are as many elec- 
trons as there are protons in an atom, which leaves 
the atom electrically neutral. 


Ose a solid-state switch instead of a mechani- | 
cal switch in applications of poor atmospheric 
conditions (sand, dust, etc.). 
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SOLID-STATE SWITCHING 
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Valence Electrons 


Most elements do not have a completed outer shell 
with the maximum allowable number of electrons. 
Valence electrons are electrons in the outermost shell 
of an atom. Valence electrons determine the conduc- 
tive or insulative value of a material. Conductors nor- 
mally have only one or two valence electrons in their 
outer shell. See Figure 24-2. Insulators normally have 
several electrons in their outer shell which is either 
almost or completely filled with electrons. Semicon- 
ductor materials fall between the low resistance of- 
fered by a conductor and the high resistance offered 
by an insulator. Semiconductors are made from ma- 
terials that have four valence electrons. 


Doping 


The basic material used in most semiconductor de- 
vices is either germanium or silicon. In their natu- 
ral state, germanium and silicon are pure crystals. 
These pure crystals do not have enough free electrons 
to support a significant current flow. To prepare 
these crystals for use as a semiconductor device, 
their structure must be altered to permit significant 
current flow. 
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Doping is the process by which the crystal struc- 
ture is altered. In doping, some of the atoms in the 
crystal are replaced with atoms from other elements. 
The addition of new atoms in the crystal creates N- 
type material and P-type material. 


N-Type Material 


N-type material is material created by doping a re- 
gion of a crystal with atoms from an element that 
has more electrons in its outer shell than the crystal. 
Adding these atoms to the crystal results in more 
free electrons. Free electrons (carriers) support cur- 
rent flow. Current flows from negative to positive 
through the crystal when voltage is applied to N-type 
material. The material is N-type material because 
electrons have a negative charge. See Figure 24-3. 


Elements commonly used for creating N-type ma- 
terial are arsenic, bismuth, and antimony. The quan- 
tity of doping material used ranges from a few parts 
per billion to a few parts per million. By controlling 
these small quantities of impurities in a crystal, the 
manufacturer controls the operating characteristics of 
the semiconductor. 
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P-Type Material 


P-type material is material with empty spaces (holes) 
in its crystalline structure. To create P-type material, 
a crystal is doped with atoms from an element that 
has fewer electrons in its outer shell than the crystal. 
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Holes are the missing electrons in the crystal struc- 
ture. The holes are represented as positive charges. 
In P-type material, the holes act as carriers. The holes 
are filled with free electrons when voltage is applied, 
and the free electrons move from negative potential 
to positive potential through the crystal. See Figure 
24-4. Movement of the electrons from one hole to 
the next makes the holes appear to move in the op- 
posite direction. Hole flow is equal to and opposite 
of electron flow. Typical elements used for doping a 
crystal to create P-type material are gallium, boron, 
and indium. 


The backplate of the control panel enclosure | 
TIP may be used as a heat sink in applications in : 
which the solid-state switch is controlling a 
current much smaller than its rating. 
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Semiconductor Devices 


Semiconductor devices are devices in which electrical 
conductivity is between that of a conductor (high 
conductivity) and that of an insulator (low conduc- 
tivity). The electrical conductivity of a semiconduc- 
tor device is nearly as great as the conductivity of 
a metal at high temperatures and is nearly absent at 
low temperatures. 
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Semiconductor devices are often mounted on a PC 
board. A PC board is an insulating material such as 
fiberglass or phenolic with conducting paths lami- 
nated to one or both sides of the board. PC boards 
provide electrical paths of sufficient size to ensure 
a reliable electronic circuit. See Figure 24-5. Pads 
are small round conductors to which component leads 
are soldered. Traces (foils) are conducting paths used 
to connect components on a PC board. They are used 
to interconnect two or more pads. A bus is a large 
trace extending around the edge to provide conduc- 
tion from several sources. 
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An edge card is a PC board with multiple termi- 
nations (terminal contacts) on one end. Most edge 
cards have terminations made from copper, which is 
the same material as the traces. In some instances, 
the terminations are gold plated, allowing for the low- 
est possible contact resistance. An edge card connec- 
tor allows the edge card to be connected to the 
system's circuitry with the least amount of hardware. 

Solid-state devices are normally mounted on one 
side of a PC board. See Figure 24-6. In some cases 
where space is a premium, components may be 
mounted on both sides of the PC board. Device leads 
extend through the board and are connected to the 
pads, traces, and bus with solder. PC boards may 
have markings next to each device to help identify 
the device in relation to the schematic. 
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Temperature control is required when using 
solid-state devices to control current flow. The 
higher the current in the circuit, the greater the 
heat produced in the solid-state device. A heat sink 
is a piece of metal used to dissipate the heat produced 
by solid-state devices mounted on it. For proper op- 
eration, the heat sink must be mounted so that the 
heat can be pulled away from it. Heat can be removed 
by natural convection and/or forced-air cooling using 
a fan motor. 


Diodes 


A diode is an electronic component that allows cur- 
rent to pass through in only one direction. This is 
made possible by the doping process, which creates 
N-type material and P-type material on the same 
component. The N-type and P-type materials ex- 
change carriers at the junction of the two materials, 
creating a thin depletion region. The depletion region 
responds rapidly to voltage changes. The operating 
characteristics of a specific diode are illustrated 
through the use of a diode characteristic curve. See 
Figure 24-7. 


The action occurring in the depletion region either 
blocks current flow or passes current when voltage 
is applied to the diode. Forward-bias voltage is the 
application of the proper polarity to a diode. Forward 
bias results in forward current. Reverse-bias voltage 
is the application of the opposite polarity to a diode. 
Reverse bias results in a very small reverse current 
(normally 1 mA). 


Peak inverse voltage (PIV) 1s the maximum reverse 
bias voltage that a diode can withstand. The PIV rat- 
ings for most diodes used in industry range from a 
few volts to several thousand volts. The diode breaks 
down and passes current freely if the reverse bias 
applied to the diode exceeds its PIV rating. Ava- 
lanche current is current passed when a diode breaks 
down. Avalanche current can destroy diodes. Diodes 
with the correct voltage rating must be used to avoid 
avalanche current. See Figure 24-8. 
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Zener Diodes 


A zener diode is a silicon PN junction that differs 
from a standard (rectifier) diode in that it operates 
in the reverse breakdown region. A PN junction is 
the area on a semiconductor material between the 
P-type and N-type material. A zener diode acts as a 
voltage regulator either by itself or in conjunction 
with other semiconductor devices. A zener diode 
symbol differs from a standard diode symbol in that 
the normally vertical cathode line is bent slightly at 
each end. Standard diodes normally conduct in for- 
ward bias and can be destroyed if the reverse voltage 
от bias is exceeded. A zener diode is often referred 
to as an avalanche diode because the zener diode 
normally operates in reverse breakdown. 


Zener Diode Operation 


The forward breakover voltage and current charac- 
teristics are similar to a standard diode when a source 
voltage is applied to a zener diode in the forward 
direction. See Figure 24-9. The current of a zener 
diode remains low until the reverse voltage reaches 
reverse breakdown (zener breakdown) when a source 
voltage is applied to the zener diode in the reverse 
direction. The zener diode conducts heavily (ava- 
lanches) at zener breakdown. Reverse current flow 
through a zener diode must be limited by a resistor 
or other device to prevent diode destruction. The 
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maximum current that may flow through a zener di- 
ode is determined by diode size. Like the forward 
voltage drop of a standard diode, the reverse voltage 
drop or zener voltage of a zener diode remains es- 
sentially constant despite large current fluctuations. 
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A zener diode is used as a voltage regulator to 
maintain a constant voltage across the load even 
when load current fluctuates. A zener diode is capa- 
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ble of being a constant voltage source because of the 
resistance changes that take place within the PN junc- 
tion. See Figure 24-10. The resistance of the PN junc- 
tion remains high and produces leakage current in - 
the microampere range when a source of voltage is pA 
applied to the zener diode in the reverse direction. 
However, as the reverse voltage is increased, the PN 
junction reaches a critical voltage and the zener diode 
avalanches. As the avalanche voltage is reached, the 
normally high resistance of the PN junction drops to NPN 
a low value and the current increases rapidly. The TRANSISTOR | P4900) 

current is normally limited by a circuit resistor or EMITTER (E) 
load resistance. | 
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Transistors 


A transistor is a three-terminal device that controls 
current through the device depending on the amount 
of voltage applied to the base. Transistors may be 
PNP or NPN transistors. A PNP transistor is a tran- N-TYPE MATERIAL 
sistor formed by sandwiching a thin layer of N-type 
material between two layers of P-type material. An 
NPN transistor is a transistor formed by sandwiching 
a thin layer of P-type material between two layers 
of N-type material. See Figure 24-11. Transistor ter- 
minals are the emitter (E), base (B), and collector - PN 
(C). The emitter, base, and collector are located in 
the same place for both symbols. The only difference 
is the direction in which the emitter arrow points. In 


both cases, the arrow points from the P-type material | Oea ил inn, шрын. @ 
toward the N-type material. Transistors are bipolar | E confirmed by taking an actual temperature 
devices. A bipolar device is a device in which both | v Ene. e E | 
holes and electrons are used as internal carriers for I turer's ғ allowable temperature chart. | 


maintaining current flow. ——á 


ZENER DIODE APPLICATION 


TRANSFORMER RECTIFIER FILTER REGULATOR LOAD 
or — SECTION Y SECTION b SECTION 2 


DC 
OUTPUT 


ZENER DIODE USED AS LOAD 
A VOLTAGE REGULATOR RESISTANCE 


436 ELECTRICAL PRINCIPLES AND PRACTICES 


Transistor Terminals 


Transistors are manufactured with two or three leads 
extending from their case. A transistor's outline 
(TO and SP) number is used as a reference when 
a specific-shaped transistor must be used. See Fig- 
ure 24-12. TO and SP numbers are determined by 
individual manufacturers. Note: The bottom view of 
transistor TO-3 shows only two leads (terminals). 
Frequently, transistors use the metal case as the col- 
lector-pin lead. 
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Spacing can also be used to identify transistor 
leads. Normally, the emitter and base leads are close 
together and the collector lead is farther away. The 
base lead is normally in the middle. A transistor with 
an index pin must be viewed from the bottom. An index 
pin is a metal extension from the transistor case. The 
leads are identified in a clockwise direction from the 
index pin. For example, the leads on TO-5 are iden- 
tified as E, B, and C. The emitter is closest to the 
index pin. Refer to a transistor manual or to manu- 
facturer's specification sheets for detailed informa- 
tion on transistor construction and identification. 


Biasing Transistor Junctions 


In any transistor circuit, the base/emitter junction 
must always be forward biased and the base/collector 
junction must always be reverse biased. See Figure 
24-13. The external voltage (bias voltage) is con- 
nected so the positive terminal connects to the P-type 
material (base) and the negative terminal connects 
to the N-type material (emitter). This arrangement 
forward biases the base/emitter junction. Current 
flows from the emitter to the base. The action that 
takes place is the same as the action that occurs for 
a forward-biased semiconductor diode. 
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In any transistor circuit, the base/collector junc- 
tion must always be reverse biased. The external volt- 
age is connected so the negative terminal connects 
to the P-type material (base) and the positive terminal 
connects to the N-type material (collector). This ar- 
rangement reverse biases the base/collector junction. 
Only a very small current (leakage current) flows in 
the external circuit. The action that takes place is 
the same as the action that occurs for a semiconductor 
diode with reverse bias applied. 
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Transistor Current Flow 


Individual PN junctions of a transistor may be used 
in combination with two bias arrangements. See Fig- 
ure 24-14. The base/emitter junction is forward bi- 
ased while the base/collector junction is reverse 
biased. This circuit arrangement results in an entirely 
different current path than the path that occurs when 
the individual circuits are biased separately. 
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The forward bias of the base/emitter circuit causes 
the emitter to inject electrons into the depletion re- 
gion between the emitter and the base. Because the 
base is less than .001” thick for most transistors, 
the more positive potential of the collector pulls the 
electrons through the thin base. As a result, the 
greater percentage (95%) of the available free elec- 
trons from the emitter passes directly through the 
base (Ic) into the N-type material, which is the col- 
lector of the transistor. 


The base current (/в) is a critical factor in deter- 
mining the amount of current flow in a transistor 
because the forward-biased junction has a very low 
resistance and could be destroyed by heavy current 
flow. Therefore, the base current must be limited and 
controlled. 


Transistors as DC Switches 


Transistors were mainly developed to replace me- 
chanical switches. Transistors have no moving parts 
and can switch ON and OFF quickly. Mechanical 
switches have two conditions: open and closed or 
ON and OFF. The switch has a very high resistance 
when open and a very low resistance when closed. 
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A transistor may be operated like a switch. For 
example, a transistor may be used to turn a pilot 
light ON or OFF. See Figure 24-15. In this circuit, 
the resistance between the collector (C) and the emit- 
ter (E) is determined by the current flow between 
the base (B) and emitter (E). The collector/emitter 
resistance is high, like that of an open switch, when 
no current flows between B and E. The pilot light 
does not glow because there is no current flow. 


The collector/emitter resistance is reduced to a 
very low value, like that of a closed switch, if a small 
current flows between B and E. This switches ON 
the pilot light. A transistor switched ON is normally 
operating in the saturation region. The saturation re- 
gion is the maximum current that can flow in the 
transistor circuit. At saturation, the collector resis- 
tance is considered zero and the current is limited 
only by the resistance of the load. 


The resistance of the pilot light is the only cur- 
rent-limiting device in the circuit when the circuit 
reaches saturation. The transistor is operating in the 
cutoff region when the transistor is switched OFF. 
The cutoff region is the point at which the transistor 
is turned OFF and no current flows. At cutoff, all 
the voltage is across the open switch (transistor) and 
the collector/emitter voltage 15 equal to the supply 
voltage Vcc. 


Transistor Amplifiers 


Transistors may be used as AC amplification devices 
as well as DC switching devices. Amplification is 
the process of taking a small signal and increasing 
its size. In control systems, transistor AC amplifi- 
ers are used to increase small signal currents and 
voltages so they can do useful work. Amplification 
is accomplished by using a small signal to control 
the energy output from a large source, such as a 
power supply. 


The primary objective of an amplifier is to produce 
gain. Gain is a ratio of the amplitude of the output 
signal to the amplitude of the input signal. Gain is 
a ratio of output to input and has no unit of meas- 
ure, such as volts or amps, attached to it. Gain is 
used to describe current gain, voltage gain, and 
power gain. In each case, the output is compared to 
the input. 
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TRANSISTORS AS DC SWITCHES 
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A single amplifier may not provide enough gain 
to increase the amplitude for the output signal 
needed. In such a case, two or more amplifiers can 
be used to obtain the gain required. Cascaded am- 
plifiers are two or more amplifiers connected to ob- 
tain the required gain. For many amplifiers, gain is 
in the hundreds and even thousands. 


The three basic transistor amplifiers are the com- 
mon-emitter, common-base, and common-collector. 


See Figure 24-16. Each amplifier is named after the 
transistor connection that is common to both the input 
and the load. For example, the input of a common- 
emitter amplifier is across the base and emitter, while 
the load is across the collector and emitter. Thus, the 
emitter is common to the input and load. 


The four main classes of operation for an amplifier 
are designated by the letters A, B, AB, and C. In 
each case, the letter is a reference to the level of an 


amplifier operation in relation to the cutoff region. 
The cutoff region is the point at which all collector 
current is stopped by the absence of base current. 
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Silicon Controlled Rectifiers (SCRs) 


A silicon controlled rectifier (SCR) 1s a solid-state 
rectifier with the ability to rapidly switch heavy cur- 
rents. SCRs use three electrodes for normal opera- 
tion. See Figure 24-17. The three electrodes are the 
anode, cathode, and gate. The anode and cathode of 
the SCR are similar to the anode and cathode of an 
ordinary semiconductor diode. 


The gate serves as the control point for the SCR. 
The SCR differs from an ordinary semiconductor di- 
ode in that it does not pass significant current, even 
when forward biased, unless the anode voltage equals 
or exceeds the forward breakover voltage. Forward 
breakover voltage is the voltage required to switch 
the SCR into a conductive state. The SCR switches 
ON and becomes highly conductive when forward 
breakover voltage is reached. The SCR is unique be- 
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cause the gate current is used to reduce the level of 
breakover voltage necessary for the SCR to conduct. 


Low-current SCRs can operate with an anode cur- 
rent of less than 1 mA. High-current SCRs can han- 
dle load currents in the hundreds of amperes. The 
size of an SCR increases with an increase in its cur- 
rent rating. 
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SCR Operation 


An SCR operates like a regular diode in reverse bias. 
An SCR characteristic curve shows the operating 
characteristics of an SCR. See Figure 24-18. With a 
reverse-bias voltage applied, there is a small current 
flow in the SCR until avalanche current is reached. 
After avalanche current is reached, the current in- 
creases dramatically and may cause damage if ther- 
mal runaway begins. 
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With a forward-bias voltage applied, there 1s also 
a small forward leakage current (forward blocking 
current). This current stays relatively constant until 
the forward breakover voltage is reached. At this 
point, the current increases rapidly and is often re- 
ferred to as the forward avalanche region. In the for- 
ward avalanche region, the resistance of the SCR is 
very low. The SCR acts like a closed switch and the 
current is limited only by the external load resistance. 
A sbort in the load circuit of an SCR can destroy 
the SCR if overload protection is not adequate. 


An SCR operates much like a mechanical switch. 
An SCR is either ON or OFF. The SCR is ON (fires) 
when the applied voltage is above the forward break- 
over voltage (Vpgr). The SCR remains ON as long 
as the current stays above the holding current. Hold- 
ing current is the minimum current necessary for an 
SCR to continue conducting. An SCR returns to its 
OFF state when voltage across the SCR drops to a 
value too low to maintain the holding current. 


The value of forward breakover voltage can be 
reduced when the gate is forward biased and current 
begins to flow in the gate/cathode junction. Increas- 
ing values of forward-bias voltage can be used to 
reduce the amount of forward breakover voltage 
(УВЕЕ) necessary to switch the SCR into conduction. 


Once the SCR has been switched ON by the gate 
current, the gate current loses control of the SCR 
forward current. Even if the gate current is com- 
pletely removed, the SCR remains ON until the anode 
voltage has been removed. See Figure 24-19. The 
SCR also remains ON until the anode voltage has 


been significantly reduced to a level where the cur- 
rent is not large enough to maintain the proper level 
of holding current. 


Triacs 


А triac is a three-electrode AC semiconductor switch. 
A triac is triggered into conduction in both directions 
by a gate signal in a manner similar to the action of 
an SCR. Triacs were developed to provide a means 
for producing improved controls for AC power. Triacs 
are available in a variety of packaging arrangements. 
Triacs can handle a wide range of current and volt- 
ages but normally have relatively low-current capa- 
bilities compared to SCRs. Triacs are normally 
limited to less than 50 A and cannot replace SCRs 
in high-current applications. 


The terminals of a triac are the gate, main terminal 
1 (MT1), and main terminal 2 (MT2). There is no 
designation of anode and cathode. Current may flow 
in either direction through МТ1 and MT2. MT2 is 
the case- or metal-mounting tab to which the heat 
sink is attached if required. A triac may be considered 
two NPN switches sandwiched together on a single 
N-type material wafer. See Figure 24-20. 
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ТЕСН Triacs and SCRs are referred to as thyristors. 
The word thyristor is derived from the Greek 
word "thyra," which means door, indicating 
that they can be either open or closed. 
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Triac Operation 


А triac blocks current in either direction between 
МТІ and MT2. A triac may be triggered into con- 
duction in either direction by a momentary pulse in 
either direction supplied to the gate. A triac operates 
like a pair of SCRs connected in a reverse parallel 
arrangement. The triac conducts if the appropriate 
signal is applied to the gate. 


А triac characteristic curve shows the charac- 
teristics of a triac when triggered into conduction. 
See Figure 24-21. The triac remains OFF until the 
gate is triggered. The trigger circuit pulses the gate 
and turns ON the triac, allowing current to flow. The 
trigger circuit can be designed to produce a pulse 
that varies at any point in the positive or negative 
half-cycle. Therefore, the average current supplied 
to the load may vary. 
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and high current, such as those found in diodes and 
SCRs. The triac turns ON if the voltage across the 
triac becomes excessive. The triac can conduct a rea- 
sonably high current when turned ON. 
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An advantage of a triac is that virtually no power 
is wasted by being converted to heat. Heat is gener- 
ated when current is impeded, not when current is 
switched OFF. A triac is either fully ON or fully 
OFF. It never partially limits current. Triacs do not 
have a reverse breakdown condition of high voltage 
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Unijunction Transistors (UJTs) 


A unijunction transistor (UJT) is a transistor con- 
sisting of N-type material with a region of P-type 
material doped within the N-type material. The N- 
type material functions as the base and has two leads, 
base 1 (ВІ) and base 2 (B2). The lead extending 
from the P-type material is the emitter (E). See Figure 
24-22. 
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A UJT is used primarily as a triggering device 
because it serves as a step-up device between low- 
level signals and SCRs and triacs. Outputs from pho- 
tocells, thermistors, and other transducers can be 


used to trigger UJTs. UJTs are also used in oscilla- 
tors, timers, and voltage/current-sensing applications. 


UJT Biasing 


In normal operation, B1 is negative, and a positive 
voltage is applied to B2. The internal resistance be- 
tween B1 and B2 divides at the emitter (E), with 
approximately 60% of the resistance between E and 
Bl. The remaining 4096 of resistance is between E 
and B2. The net result is an internal voltage split. 
This split provides a positive voltage at the N-type 
material of the emitter junction, creating an emitter 
junction that is reverse biased. As long as the emitter 
voltage remains less than the internal voltage, the 
emitter junction remains reverse biased, even at a 
very high resistance. 


The junction of a UJT is forward biased when the 
emitter voltage is greater than the internal value. This 
rapidly drops the resistance between E and ВІ to a 
very low value. A UJT characteristic curve shows 
the dramatic change in voltage due to this resistance 
change. See Figure 24-23. 
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Diacs 


А diac is a three-layer bidirectional device used pri- 
marily as a triggering device. Unlike a transistor, the 
two junctions are heavily and equally doped. Each 
junction is almost identical to the other. 


А diac acts like two zener diodes that are series 
connected in opposite directions. The diac is used 
primarily as a triggering device. It accomplishes this 
through the use of its negative resistance charac- 
teristic. Negative resistance characteristic is the char- 
acteristic that current decreases with an increase of 


applied voltage. The diac has negative resistance be- 
cause it does not conduct current until the voltage 
across it reaches breakover voltage. A diac charac- 
teristic curve shows the operating characteristics of 
a diac. See Figure 24-24. 
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А diac rapidly switches from а high-resistance 
state to a low-resistance state when a positive or 
negative voltage reaches the breakover voltage. Be- 
cause the diac is a bidirectional device, it is ideal 
for controlling triacs, which are also bidirectional. 


A diac may be used to control the brightness of 
a lamp. See Figure 24-25. During the beginning of 
each half cycle of the applied AC voltage, the triac 
is in the OFF state and no voltage is applied to the 
lamp. However, the AC voltage is also applied across 
the resistor/capacitor circuit connected in parallel 
with the triac. This applied voltage charges the ca- 
pacitor. The diac conducts when the voltage across 
the capacitor rises to the breakover voltage of the 
diac. The capacitor voltage is then discharged 
through the diac to the triac gate. The voltage at the 
triac gate triggers the triac into conduction and volt- 
age is applied to the lamp. This sequence of events 
is repeated for each half cycle of the AC sine wave. 


The variable resistor may be adjusted to control 
the brightness of the lamp by determining when on 
the AC sine wave the triac is allowed to start con- 
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ducting. А decrease in resistance allows the capacitor 
to charge faster and the breakover voltage of the diac 
is reached earlier. This allows the triac to triggered 
into conductance sooner in the AC sine wave. A 
higher voltage is applied to the lamp when the triac 
is allowed to conduct sooner in the AC sine wave. 
Likewise, if the resistance is increased, the triggering 
of the triac occurs later in the cycle, and less voltage 
is applied to the lamp. 


DIAC/TRIAC APPLICATION 
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Electronic Switching 


Electric loads may be controlled by using mechanical 
or electronic (solid-state) switches. Mechanical 
switches have the advantage of being able to switch 
both AC and DC loads. Mechanical switches nor- 
mally include several contacts (NO and NC). How- 
ever, mechanical switches are relatively slow when 
compared to solid-state switches and have a limited 
life span (normally 500,000 operations). 


Solid-state switches can switch circuits very 
quickly and have a long life span (normally several 
billion operations). However, solid-state switches are 
generally limited to switching AC or DC loads only 
(depending on the type used). The main disadvantage 
to solid-state switching is that all solid-state switches 
have a voltage drop across them, thus require heat 
sinks when switching high currents. See Figure 24-26. 
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STANDARD WIRING DIAGRAMS 
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PNP SWITCHING 


DC SUPPLY 


* SWITCHES LOW DC ONLY 

* ALSO REFERRED TO AS CURRENT SOURCE SWITCHING 
* VERY LONG LIFE 

* MAY NEED HEAT SINK (HIGH CURRENT) 

* VERY FAST SWITCHING 


NPN SWITCHING 


DC SUPPLY 


* SWITCHES LOW OR HIGH DC 

* VERY LONG LIFE 

* REQUIRES HEAT SINK WITH HIGH CURRENT 
e VERY FAST SWITCHING 


SCR SWITCHING 


* SWITCHES LOW OR HIGH AC 

* VERY LONG LIFE 

e REQUIRES HEAT SINK WITH HIGH CURRENT 
* VERY FAST SWITCHING 


TRIAC SWITCHING 


Digital Electronic Circuits 


Electronic devices use electronic components and cir- 
cuits to produce sound, perform mathematical and 
logical functions, amplify signals, control operations, 
or increase operating speed. Today, almost all elec- 
tronic systems use solid-state components that have 
no moving parts. 


Electronic systems are either analog or digital. 
Analog is the output (display) of circuits with con- 
tinuously changing quantities that may have any 
value between the defined limits. Quantities such as 
temperature, speed, voltage, current, and frequency 
are common analog signals. Digital is the output (dis- 
play) of specific quantities that change in discrete 
steps, such as the seconds, minutes, and hours dis- 
played on a digital watch. See Figure 25-1. 


Early electronic circuits were analog. Today, most 
electronic circuits are digital. The development of 
digital electronics parallels the development of com- 
puters. Computer development required small and 
fast devices. These requirements led to the develop- 
ment of integrated circuits (ICs). Developments in 
ICs led to higher quality and faster computers as well 
as to higher quality electronic circuits in televisions, 
microwaves, telephones, and almost all other devices 
that used electronic circuitry. Improved ICs have also 
created additional uses of electronic circuits in the 
medical, military, communication, transportation, se- 
curity, space, and other fields. 
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Integrated Circuits 


Integrated circuits (ICs) are electronic devices in 
which all components (transistors, diodes, and resis- 
tors) are contained in a single package or chip. ICs 
contain numerous circuits that are microscopically 
photoetched in layers on a silicon base. ICs are used 
to process and store information in computers, cal- 
culators, programmable logic controllers (PLCs), 
video games, digital watches, and almost all other 
electronic circuits. The two basic categories of ICs 
are digital and linear ICs. See Figure 25-2. 


A digital IC is an IC that contains a switching 
integrated circuit that processes finite (zero and 
maximum) signal levels. Digital ICs are used to per- 
form functions that require logic (AND, NAND, etc.), 
mathematics, or other decision functions. Digital ICs 
are used in computers, calculators, and almost all 
other types of electronic circuits. Digital ICs are the 
most widely used IC. 


A linear IC is an IC that contains an amplifying 
integrated circuit that produces an output signal that 
is proportional to the applied input signal. Linear ICs 
are used to provide amplification and regulation func- 


tions. Linear ICs are used in radios, amplifiers, tele- 
visions, and power supplies. Operational amplifiers 
(op-amps) are the most common linear IC. 
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Digital ICs have many advantages (low cost, | 
FACT high speed, very small size), but their main |. 
disadvantage is that they cannot control high | 


voltages and currents. 
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IC Packages 


The circuitry contained inside an IC must be con- 
nected to a power supply and other electronic com- 
ponents. ICs are powered and interconnected with 
other components through their pins. Most ICs are 
mounted on a printed circuit (PC) board with their 
pins soldered to the copper traces on the PC board. 
ICs are available in different packages and pin con- 
figurations. See Figure 25-3. 


The more complex the internal circuitry of an IC, 
the greater the number of pins required. For example, 
a basic logic function (AND, OR, etc.) IC circuit 
may have only 8 or 14 pins. A microprocessor IC 
circuit used in a personal computer may have 64 pins. 


IC APPLICATIONS 
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IC PACKAGES 
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7408 (FOUR 2-PIN AND GATE) 
DIGITAL IC PIN DIAGRAM 


Truth Tables 


A truth table is a table used to describe the output 
condition of a logic gate or combination of gates for 
every possible input condition. А truth table normally 
lists the inputs as letters such as A, B, C, etc. The 
output is listed as letters such as X or Y. Inputs are 
listed on the left side of the truth table and the output 
is listed on the right side. Most digital truth tables 
use a 0 to represent а low (no signal) and a 1 to 
represent a high (signal present). A 1 in the output 
of an AND gate indicates that the output is ON when 
both inputs are ON. See Figure 25-4. 


FOUR 2-PIN AND GATE 
IC SCHEMATIC DIAGRAM 


Timing Diagrams 


A timing diagram is a diagram that shows graphically 
how the output of a circuit changes in response to 
input changes. Timing diagrams show the high (1) 
and low (0) levels of a digital signal as it changes 
relative to time. The 1s and Os may represent num- 
bers, control signals, symbols, letters, or other types 
of signals. On a timing diagram, the vertical axis 
shows the voltage level and the horizontal axis shows 
time. Truth tables and timing diagrams are used to 
show the operation of digital ICs in manufacturer's 
data and training manuals. See Figure 25-5. 
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TRUTH TABLES 
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In this circuit, switch 1 and switch 2 must be 
closed before the lamp is energized. Switch 1 and 2 
are the inputs and the lamp is the output. The timing 
diagram shows that the output is ON (1) only when 
both inputs are present (1). The timing diagram also 
shows that the output is OFF (0) anytime one or both 
inputs are absent (0). 
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Digital signals often require precise timing. Spe- 
cial clock and timing circuits are used to produce 
clock waveforms. The waveform is used to trigger 
the digital signals at precise intervals. Clock signals 
are used in digital circuits to synchronize the chang- 
ing of data in various parts of a digital circuit. See 
Figure 25-6. In this circuit, five clock pulses are 
transmitted to the receiving unit when the enable sig- 
nal is present for 5 us. The enable signal allows the 
circuit to output data. Clock pulses are used in digital 
flip-flops, counters, shift registers, multiplexers, and 
many other circuits requiring synchronization. 


Logic Gates 


ICs are manufactured in a variety of logic circuits. 
These logic circuits may include basic logic functions 
such as AND gates, or specialized circuits such as 
counters. Most digital logic operations are performed 
by one of the basic logic gates or by a combination 
of basic logic gates. 
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The five basic logic gates are the AND, OR, NOT 
(inverter), NOR, and NAND gates. The basic AND, 
OR, NOR, and NAND gates have two or more inputs 
and one output. The NOT (inverter) gate has one in- 
put and one output. In addition to the five basic gates, 
an exclusive OR (XOR) gate is also available. An 
exclusive OR gate has two inputs and one output. 
See Figure 25-7. 


Each logic gate is designed to operate on binary 
signals. A binary signal is a signal that has only two 
states. A binary signal is either high (1) or low (0). 
A high signal is normally 5 V, but may range from 
2.4 V to 5 V. A low signal is normally О V, but may 
range from 0 V to .8 V. A high signal may represent 
an ON, yes, or true condition. A low signal may rep- 
resent an OFF, no, or false condition. For example, 
a light may be ON or OFF, a valve may be open or 
closed, and a motor may be running or stopped. 


AND Gates 


An AND gate is a logic gate that provides logic level 
] only if all inputs are at logic level 1. AND gates 
are normally referred to by the number of inputs they 
have, such as two-input AND gate, three-input AND 
gate, etc. AND gates may be used in any circuit that 
uses AND circuit logic. An example of AND logic 
is a control circuit that requires two or more switches 
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to be closed before a load can be energized. See Fig- 
ure 25-8. 


In this circuit, an operator cannot turn ON a pres- 
sure pump unless the ON/OFF switch is closed and 
the foot switch is closed. Using a foot switch in this 
application allows the operator's hands to be free for 
holding or moving an object inside the machine. An 
electrical circuit that connects the two switches in 
series could be used to control the 115 VAC pump. 
The disadvantage to this circuit is that the control 
switches are at the same voltage level (115 VAC) as 
the load. In addition to being at the same voltage 
level, the control switches must also be rated high 
enough to carry the current of the load. 


The circuit operates in the same manner if a digital 
AND logic gate is used. The difference is that lower- 
rated control switches may be used because they only 
have to be rated for the voltage of the logic gate. 
This voltage rating is normally 5 VDC. This also al- 
lows the use of smaller wires connecting the control 
switches (18 AWG or smaller). A DC to AC solid- 
state relay (SSR) is used as the interface between 
the DC control circuit and the 115 VAC power circuit 
containing the pump motor. 


OR Gates 


An OR gate is a logic gate designed to provide logic 
level 1 if one or more inputs are at logic level 1. 
Like AND gates, OR gates are normally referred to 
by the number of inputs they have such as two-input 
OR gate, three-input OR gate, etc. OR gates may be 
used in any circuit that uses OR circuit logic. An 
example of OR logic is a control circuit that requires 
any one or more switches to be closed before a load 
can be energized. See Figure 25-9. 


In this circuit, pressing either pushbutton ener- 
gizes the doorbell. An SSR is used as the interface 
between the digital circuit and the 24 VAC doorbell 
circuit because the doorbell draws more current and 
normally operates at a higher voltage than the digital 
IC gate could deliver. 
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NOT (Inverter) Gates 


A NOT (inverter) gate is a logic gate designed to 
provide an output that is the opposite of the input. 
Inverters are used in circuits any time a signal must 
be changed to its opposite state. An example of an 
inverter circuit is when a normally closed (NC) 
switch needs to operate as a normally open (NO) 
switch in the circuit, or a NO switch needs to operate 
as a NC switch. The inverter is used to change the 
function of the switch. See Figure 25-10. 


In this circuit, a NC liquid level switch could be 
made to operate as a NO switch by adding an inverter 
into the digital circuit. Without inverters, NO and 
NC control switches are required to perform circuit 
operations. NO switches are commonly used to start 
or allow the flow of current in a circuit. NC switches 
are commonly used to stop or remove the flow of 
current in a circuit. Any NO or NC switch may be 
changed to its opposite operating function by adding 
an inverter. 
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OR LOGIC CIRCUIT 
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NOR CGates 


A NOR gate is a logic gate designed to provide logic 
level 0 if one or more inputs are at logic level 1. 
NOR gates are used in applications that require an 
output to turn OFF if any one of the input conditions 
is above a set limit. The condition above the set limit 
of an input may be excessive temperature, pressure, 
liquid level, current level, voltage level, counts, or 
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any other input condition. An example of NOR logic 
is when a heater must be turned OFF if the tempera- 
ture or pressure in a system is above the set limits. 
See Figure 25-11. 
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In this circuit, this function may be accomplished 
by using NC switches in the electrical circuit or NO 
switches and a NOR gate in the digital circuit. In 
the electrical circuit, the temperature and pressure 
switches are used to control the heater contactor coil. 
The heater contactor coil is used to control the heat- 
ing elements. In the digital circuit, the temperature 
and pressure switches are used to control an SSR. 
The SSR is used to control the heater contactor coil. 
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NAND Gates 


A NAND gate is a logic gate designed to provide 
logic level O only if all inputs are at logic level 1. 
NAND gates are used in applications that require 
an output to turn OFF only if all the input condi- 
tions are met. An example of NAND logic is in the 
control of a solenoid-operated valve that controls the 
flow of product that is critical to an operation. See 
Figure 25-12. 


In this circuit, the solenoid-operated valve controls 
the flow of water though a pipe. The water may be 
flowing to a fire sprinkler system, cooling system, 
process system, or other vital operation. Dangerous 
problems may develop if the flow of water is stopped. 
At times, the flow may have to be stopped. By using 


NAND circuit logic, more than one switch must be 
activated to stop the flow. For example, if two key- 
operated switches are used, both switches have to be 
activated before the flow is stopped. An operator may 
have one key and a supervisor may have the other. 
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This same logic may be applied to other circuits 
that require more than one switch activation. For ex- 
ample, the solenoid may be used to control an elec- 
trically-operated prison door lock or any other 
electrically-operated lock. 
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XOR (Exclusive OR) Gates 


An XOR (exclusive OR) gate is a logic gate designed 
to provide logic level 1 only if one, but not both of 
the inputs are at logic level 1. XOR gates are used 
in applications in which the flow of two or more 
products into a common point must be controlled. 
An example of the need for exclusive OR logic is 
when two products that cannot be mixed must both 
use a common pipe. See Figure 25-13. 


In this circuit, ammonia and bleach tanks use a 
common pipe at different times of the operation. Am- 
monia and bleach are two products that should not 
be mixed together. Exclusive OR logic is used in the 
electrical circuit to ensure that the ammonia and 
bleach are never mixed. Switches with multiple con- 
tacts are required to develop exclusive OR logic in 
an electrical circuit. For example, the tank and bleach 
control switches would both have to have three con- 
tacts each for proper circuit operation. To reduce the 
number of required contacts on the switches, control 
relays could be added into the circuit to provide more 
switching contacts. There is no need to have multiple 
switch contacts or additional relays when an XOR 
gate is used. 


Combination Logic 


In addition to using basic logic gates alone, any num- 
ber of logic gates may be combined to produce the 
required logic function. One of the most common 
gates used to change the output logic of a circuit is 
an inverter (NOT gate). Inverters are used to convert 
a basic gate such as an AND, OR, NAND, or NOR 
gate to another logic function. Inverters may be added 
to the output, inputs, or inputs and output of other 
gates. See Figure 25-14. 


Pull-Up and Pull-Down Resistors 


Digital circuits last a relatively long time if they 
are properly applied, installed, and used. Basic 
considerations must be given when designing a 
digital circuit to prevent problems before they oc- 
cur. This includes deciding what to do with gates 
that are not used and ensuring that the gate output 
is not overloaded. 
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Digital inputs are designed to be connected to 
either a high (1) or a low (0). A high is equal to the 
input supply voltage and a low is equal to ground 
potential. An input is floating when it is not con- 
nected to the supply voltage (high) or ground (low). 
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A floating input is a digital input that is not a true 
high or low at all times. A floating input should not 
occur in a digital circuit because they cause inter- 
mittent problems in circuit operation, such as false 
counts into a counter and false input signals. 
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A pull-up resistor may be used to prevent unused 
inputs from floating. A pull-up resistor is a resistor 
that has one side connected to the power supply at 
all times and the other side connected to the unused 
gate(s). See Figure 25-15. 


A pull-up resistor may also be used to prevent a 
switch contact from floating. The switch is connected 
to the gate and the pull-up resistor when using a pull- 
up resistor with a switch. The other side of the pull- 
up resistor is connected to the positive side of the 
power supply. 


INVERTER ADDITION 


w a 

m Mo—- 
+ -> xm 

sia 


INPUTS AND OUTPUTS 
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J Dee + Dra 
d» + De 
sas + -Dern 
ee + ewe 


OUTPUTS 


A+B 
gizi 


B 
+B 


A pull-down resistor may also be used in addition 
to using a pull-up resistor. A pull-down resistor is a 
resistor that has one side connected to ground at all 
times and the other side connected to the unused 
gate(s). See Figure 25-16. 


A pull-down resistor may be used to prevent a 
switch contact from floating. The switch is connected 
to the gate and the pull-down resistor when using a 
pull-down resistor with a switch. The other side of 
the pull-down resistor is connected to ground. 
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PULL-UP RESISTORS 


PULL-UP RESISTOR 
NORMALLY 10 ko 


PULL-UP FOR TTL ICs 


RESISTOR 


UNUSED THREE-INPUT 
INPUT AND GATE 


PULL-UP RESISTOR 

NORMALLY 100 ko 
INPUT 1 FOR CMOS ICs 
INPUT 2 


== 

o o -LOGIC LEVEL 1 
сь = LOGIC LEVEL 0 

PULL-UP 

RESISTOR 


ioc 


== 
o o =LOGIC LEVEL 0 


oo = LOGIC LEVEL 1 


INVERTER MAY BE ADDED TO 
CHANGE INPUT SIGNAL LEVEL 


Figure 25-15 
Tying Inputs Together 


Logic gate inputs may be tied together and connected 
to a pull-up or pull-down resistor if more than one 
input gate is not used. In addition to using pull-up 
and pull-down resistors, input gates that are not used 
may also be tied together. See Figure 25-17. 


Fan-Out 


The output of a digital gate can only supply a fixed 
amount of power that can be used to drive additional 
logic gates or loads. The amount of power a gate 
can deliver is determined by the gate's fan-out. Fan- 
out is the number of loads that can be driven by the 
output of a logic gate. Fan-out is normally deter- 
mined for a standard logic gate in a family (TTL or 
CMOS) driving other gates in the same family. The 
circuit operates erratically because the output voltage 
drops if the driving gate is connected to more gates 
than the fan-out number specifies. Interfaces such as 
transistors and SSRs may be used when a higher or 
different power output is required from a digital cir- 
cuit. See Figure 25-18. 


PULL-DOWN RESISTORS 


PULL-DOWN 


RESISTOR 
PULL-DOWN NORMALLY 3300 


RESISTOR TTL {Cs 


THREE-INPUT 
OR GATE 
PULL-DOWN 
RESISTOR 
INPUT 1 орт NORMALLY 100 КО 
02 CMOS ICs 


E 

o o = LOGIC LEVEL 0 
o = LOGIC LEVEL 1 

PULL-DOWN 

RESISTORS 


m 
6 o =LOGICLEVER 


oo = LOGIC LEVEL 0 


INVERTER MAY BE ADDED TO 
CHANGE INPUT SIGNAL LEVEL 


PULL-UP 
RESISTOR 


UNUSED INPUTS MAY BE TIED 
TOGETHER AND CONNECTED 
TO A PULL-UP RESISTOR 


INPUT 1 


ыла FOUR-INPUT 


AND GATE 


UNUSED INPUTS MAY BE 
TIED TO OTHER INPUTS 


INPUT 1 


FOUR-INPUT 
AND GATE 


{тт aS toS NRI FT EE SAE trente Pme rp yr ool 
k 


TECH TTL ICs are very fast switching devices but 
FACT use a lot more power than CMOS ICs. CMOS 
ICs use very little power but are much slower 


switching devices than TTL ICs. 


— —— - <? 


{ 
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DIGITAL CIRCUIT INTERFACES 


LOADS MAY BE: 

* OTHER GATES 

* LEDs 

* LOW-POWER 
BULBS 

* RELAYS 


FAN-OUT IS NUMBER 
OF LOADS THAT CAN 
BE DRIVEN BY OUTPUT 
OF LOGIC GATE ~ 


INPUT 1 


INPUT 2 


INPUT 1 


INPUT 2 


NPN TRANSISTOR 


INPUT 1 


INPUT 2 


PNP TRANSISTOR 


DC TO AC 
SSR 


INPUT 1 


INPUT 2 


АМО 
GATE 


[zx SOLID-STATE RELAY 


re c 


Logic Families 


Manufacturers of digital chips have developed sev- 
eral families of digital ICs. These families are groups 
of ICs that are designed to work together. For exam- 
ple, two major family groups are the TTL and CMOS 
families of ICs. Each family includes many of the 
same digital gates (AND, NOR, etc.) but have dif- 
ferent operating specifications. The specification of 
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input voltage and current, output voltage and current, 
power consumption, noise margin level, operating 
speed, and other operating conditions vary from fam- 
ily to family. The prevailing characteristics of a logic 
family are speed of operation and power usage. 


TTL Family 


TTL (transistor-transistor logic) ICs use transistors 
for inputs and outputs. The TTL family is commonly 
referred to as the 7400 series. The 74 identifies com- 
mercially available TTL ICs. ICs preceded with a 
54, such as 5400, are normally military TTL ICs that 
are functionally equivalent to the 7400 series. The 
supply voltage for TTL ICs is 5.0 VDC, +.25 V. 


CMOS Family 


CMOS ICs use complementary metal-oxide semicon- 
ductors. The CMOS family of ICs was developed to 
use less power than TTL ICs. The CMOS family of 
ICs may be used in battery-operated electronic de- 
vices. The first CMOS family was the 4000 series. 
Later came the 74C00 series and the 74HCO0 series. 
The supply voltage for CMOS ICs ranges from 3 
VDC to 18 VDC. 


Operational Amplifier ICs 


Operational amplifiers (op-amps) are the most com- 
mon linear ICs. An op-amp is a general-purpose, 
high-gain, DC or AC amplifier. Op-amps are used in 
most digital circuits requiring an analog amplifica- 
tion of a weak signal. For example, weak audio or 
data signals must be amplified to be useful. In ad- 
dition to being used for amplification, op-amps may 
also be used to perform other electronic functions. 
An op-amp has five leads attached to the amplifier. 
Two are input leads, one is an output lead, and two 
are power supply leads. See Figure 25-19. 


OPERATIONAL AMPLIFIERS 


INVERTING 
INPUT 


NONINVERTING 
INPUT 


SCHEMATIC SYMBOL 
SHOWING POWER SUPPLY 
INPUTS (+V, -V) 


SCHEMATIC SYMBOL 
WITHOUT POWER SUPPLY 
INPUTS (+V, - V) 
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An op-amp IC chip may be made to perform ad- 
dition, subtraction, multiplication, division, and 
other math functions by connecting a few compo- 
nents to it. An op-amp's main use today is ampli- 
fying small signals to levels that can be used for 
the control of other devices. The main advantages of 
an op-amp include: 


e A very high input impedance (resistance). Op-amps 
do not draw a lot of power from the input source. 
This feature is required when amplifying very weak 
input signals. 


e A very high gain (thousands of times). One op-amp 
can do the job of dozens of individual transistors. 


e A very low output impedance. A high output im- 
pedance reduces the amplified output. 


Power Supply Inputs 


The power supply leads deliver power to the op- 
amp. The op-amp consists of many transistors and 
resistors. The internal transistors, resistors, and cir- 
cuitry must be powered to operate. Normally, the 
power needed by an op-amp is +15 V. Although 
the power supply leads are sometimes shown, it is 
· common practice to omit the power supply leads in 
schematic diagrams. 


Although an op-amp can produce very high am- 
plification, it cannot have an output voltage that 
exceeds the supply voltage. If the supply voltage 
is +15 V, the maximum amplified output voltage is 
normally between +13 V to +14 V. This output volt- 
age is somewhat less than the supply voltage and is 
due to internal losses. 


The input terminals of an op-amp are labeled mi- 
nus (—) and plus (+). The minus input is an inverting 
input. A positive voltage applied to the inverting in- 
put is amplified and exits the op-amp as a negative 
voltage. If the input signal is a sine wave and is con- 
nected to the inverting input, the output signal is a 
sine wave that is 180? out-of-phase with the input. 
This means that when the input signal's voltage rises 
positive, the output voltage of the op-amp becomes 
negative. The noninverting input is grounded when 
only using the inverting input. See Figure 25-20. 


The plus input is the noninverting input. A signal 
applied to the noninverting input of an op-amp is 
amplified and reproduced at the output. If the input 
signal is positive, the output signal is positive. If the 


input signal is negative, the output signal is negative. 
If the signal applied to the noninverting input is a 
sine wave, the output of the op-amp is in phase with 
the input. The inverting input is grounded when only 
using the noninverting input. 


OP-AMP OPERATION MODES 


OUTPUT 
=| 
INPUT 
+100 mV 
= Vi 


OUTPUT AMPLIFIED 
AND SAME 
POLARITY AS INPUT - 


OUTPUT AMPLIFIED 
AND OPPOSITE 
POLARITY OF INPUT 


OUTPUT 


= =y 
OUTPUT AMPLIFIED 


AND 180° OUT-OF- 
PHASE OF INPUT 


+V 
INPUT А | 
n OUTPUT 
= —W | 


OUTPUT AMPLIFIED 
AND IN PHASE 
WITH INPUT 


OUTPUT AMPLIFIED 
AND OPPOSITE 
POLARITY OF INPUT 


INVERTING MODE 


OUTPUT AMPLIFIED 
AND SAME 
POLARITY AS INPUT 


NONINVERTING MODE 


NOTE: OP-AMP SET 
FOR GAIN OF 10 


Differential Inputs 


The inverting and noninverting inputs may be pow- 
ered simultaneously. No input is grounded when both 
inputs are powered. The inverting and noninverting 
inputs are referred to as differential inputs when both 
inputs are powered. The op-amp amplifies only the 
difference between the inverting input and the non- 
inverting input. If the inverting input has +4 V ap- 
реа to it and the noninverting input has +7 V applied 
to it, the op-amp amplifies +3 V. See Figure 25-21. 


| TECH С мох ICs are very sensitive to static elec- 
TIP tricity. Leave CMOS ICs in the manufacturer's 
antistatic packages until ready for use. Never 

touch the pins of CMOS ICs. 


OP-AMP WITH DIFFERENTIAL INPUTS 


INVERTING 
INPUT 
mS OP-AMP SET FOR 
GAIN OF 10 
INPUT +.4 V 
Vour = +.3 V x 10 (GAIN) 2 3V 


INPUT +7 V 
-V 
NONINVERTING 
INPUT 


Op-Amp Gain 


Gain is the ratio of the amplitude of the output signal 
to the amplitude of the input signal. Op-amps may 
have gains of 500,000 or more, no gain, or controlled 
gain. Gain in an op-amp is controlled by adding ex- 
ternal resistors to provide closed-loop feedback. See 
Figure 25-22. 


ОР-АМР GAIN 
NONINVERTING MODE INVERTING MODE 


= OUTPUT Бей OUTPUT 
i = 
VERY HIGH GAIN 


OUTPUT pup OUTPUT 


xe 


NO GAIN “N= ovr INVERTED) 


(VOLTAGE FOLLOWER) 


FEEDBACK 
RESISTOR 


Ry 
oUTPUT INPUT р OUTPUT 


FEEDBACK 
RESISTOR 


INPUT 


RESISTOR RESISTOR 


CONTROLLED GAIN 


In the very high gain mode, a very small change 
in voltage on either input results in a very large 
change in the output voltage. This circuit is far too 
sensitive and unstable for most applications. The gain 
is normally reduced to a much lower level because 
such a high gain produces a very sensitive and un- 
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stable circuit. Gain is reduced and the circuit is sta- 
bilized by feeding back some of the output signal to 
one of the inputs through a resistor. 

In the no gain mode, the output is connected to 
the input that does not have the input signal applied 
to it. In the no gain mode, voltage out equals voltage 
in. For this reason, this circuit is often referred to 
as a voltage follower. Although there is no gain in 
this mode, the op-amp is used as an isolation ampli- 
fier. An isolation amplifier has a very high input im- 
pedance (resistance) and does not produce a loading 
effect on the input signal. 

In the controlled gain mode, the amount of gain 
is controlled by the value of two resistors (R1 and 
R2). The two resistors are the input and feedback 
resistors. To calculate voltage gain in an inverting 
op-amp, apply the formula: 


R2 
Ау F Ri 
where 


Ay = voltage amplification 
R1 = input resistor (in Q) 
R2 = feedback resistor (in Q) 


Example: Calculating Voltage Gain - Inverting 
Op-Amp | 
What is the voltage gain of ап inverting ор-атр 
circuit when the input resistor equals 10 КО and the 

feedback resistor equals 90 КО? 


R2 
А» = Ri 
Ay 90,000 
10,000 
Ау = 9 


To calculate the voltage gain of a noninverting 
op-amp, apply the formula: 


Ri + К2 
Ay = [7 
where 
Ay = voltage amplification 
К = input resistor (in Q) 
Кә = feedback resistor (in Q) 


Example: Calculating Voltage Gain – Nonin- 
verting Op-Amp 

What is the voltage gain of a noninverting op-amp 
circuit when the input resistor equals 25 КО and the 
feedback resistor equals 100 КО? 
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Ri + К 
Ау = Ri 
TE 25,000 + 100,000 
25,000 
E 125,000 
25,000 
А» = 5 


The gain of ап op-amp may be calculated when 
the input and output voltage is known or measured. 
Op-amp gain is calculated by dividing the output 
voltage by the input voltage. To calculate op-amp 
gain when input and output voltage is known, apply 
the formula: 

Vo 

AG к= Vr 

where 

AG = amplifier gain 

Vo = output voltage (in V) 

V; = input voltage (in V) 

Example: Calculating Op-Amp Gain - Input 
and Output Voltages Known 

What is the gain of an op-amp when the measured 
input voltage is 2 mV and the output voltage is 8 V? 


115 VAC epum) 


ALARM 
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FEEDBACK 
RESISTOR is 


Vo 
АС = m 
8 
AG = 002 
AG = 4000 
Op-Amp Applications 


Op-amps are used in applications that require a small 
signal to be amplified so that the output signal can 
drive a higher power load. For example, an op-amp 
can take the signal from a photoconductive cell, ther- 
mocouple, gas detector, or smoke detector and am- 
plify it. See Figure 25-23. 


The op-amp can directly control the load if the 
output voltage of the op-amp is large enough and 
the current draw of the load is within the op-amp's 
limits. An interface is required if the load requires 
more power for operation than the op-amp can safely 
deliver. The most common interface is a solid-state 
relay (SSR). The input of the SSR is connected to 
the op-amp and the output of the SSR is used to 
drive the load. 
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ENGLISH TO METRIC EQUIVALENTS 


5: 


LENGTH Б 


Metric Equivalent 
1.609 km 
5.029 m 
.9144 m 
30.48 cm 
2.54 cm 
2.590 k? 
.405 hectacre, 4047 m? 
25.293 т? 
.836 m* 

.093 m? 
6.452 cm? 
cubic yard ‚765 т? 
cubic foot qd .028 m? 
cubic inch 16.387 cm? 


square mile 


acre 


square rod 


square foot 


square inch 


VOLUME 


VzsIxwxt 


CAPACITY 


118.294 ml 
29.573 ml 
3.697 ml 
.061610 ml 
35.239 | 
8.810 
1.101 | 


fluidounce 


FUEL ETC. 


U.S. liquid measure 


fluidram 


minim 


VEGETABLES, 
GRAIN, ETC. 


gallon 4.546 ! 
quart 1.136 I 
pint 568.26 cm? 
gill 142.066 ст? 
fluidounce 28.412 cm? 
3.5516 cm? 


.059194 cm? 


and dry measure 


British imperial liquid 


fluidram 


minim 


short ton 


MASS AND WEIGHT 


long ton 1.016 t 


pound .454 kg 
GUERRE ounce 28.350 g 
eres dram 1.772 g 


grain .0648 g 


pound 


ounce 


GOLD, 
SILVER, ETC. 


pennyweight 


pound .373 kg 


ounce 31.103 g 
dram 3.888 g 
scruple 1.296 g 


grain .0648 g 
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METRIC TO ENGLISH EQUIVALENTS 


LENGTH ' п | 
| 


‚62 mi 


kilometer 
hectometer | 109.36 yd 


dekameter 32.81” 


к 


decimeter 


centimeter 


millimeter 


square kilometer 
hectacre 


are 


.3861 sq mi 
2.47 А 


119.60 sq yd 


square centimeter .155 sq in. 


cubic centimeter 


cubic decimeter 61.023 cu in. 


cubic meter 1.307 си уа 


1.31 си уа 


VOLUME .061 cu in. 


ү 
N 
"ma 3 


CAPACITY 


kiloliter 


WATER, 
ЕОЕ ЕТС: 


hectoliter 3.53 cu ft 2.84 bu 


dekaliter .35 Cu ft 1.14 pk 2.64 gal. 


VEGETABLES, 
GRAIN, ETC. 


liter 61.02 cu in. .908 qt 1.057 qt 


cubic decimeter 61.02 cu in. .908 qt 1.057 qt 


deciliter 6.1 cu in. .18 pt 21 pt 


centiliter Gl cü in. 338 fl oz 


milliliter .061 cu in. .27 fl dr 


metric ton 


1.102 t 
2.2046 Ib 


MASS AND WEIGHT 


COAL, 
GRAIN, ETC. 
GOLD, 
SILVER, ETC. 
DRUGS Ёё 


kilogram 


hectogram 3.527 oz 


dekagram 


gram 


decigram 


centigram .154 gr 


milligram .015 gr 
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ELECTRICAL/ELECTRONIC ABBREVIATIONS/ACRÓNYMS 


Ammeter; Ampere; Anode; Armature Positive-Negative-Positive 


Alternating Current Forward Positive 


Alternating Current; Direct Current 


Potentiometer 


P-P Peak-to-Peak 


Primary Switch 


Analog to Digital 


Audio Frequency 


Automatic Frequency Control Pressure Switch 


Silver 


Henry; High Side of Transformer; Pounds Per Square Inch 


Magnetic Flux 


HF High Frequency 


Pull-Up Torque 


RAM Random-Access Memory 
RC Resistance-Capacitiance 
R 
тв Inverse Time Breaker 
BJT ITCB Instantaneous Trip Circuit Breaker 
Pe 


Amplitude Modulation; Horsepower 


Frequency Modulation Hertz 


Armature 
Au Gold 


A 


Current 


Integrated Circuit 


INT Intermediate; Interrupt 
L 


ii 


ii 


{ 


| 


i 


JB ROM 
[pu — [хт ___|лтюпгешЕ вита | 
5 
А Capacitor LB-FT Pounds Per Foot [9] 
B Circuit Breaker; Citizen's Band LB-IN. Pounds Per Inch Е 
cc Common-Collector Configuration 

С LCD Liquid Crystal Display 

LCR Inductance-Capacitance-Resistance 
LED Light Emitting Diode 


J 
L Revolutions Per Minute 


li 


oO 


Series; Slow; South; Switch 
Silicon Controlled Rectifier 


Е Service Factor 
1 PH; 10 Single-Phase 


АР we аш 
ы [шй = аа 


Single-Pole 


F 
H 
ms 
R 
С 


O 


Counterclockwise 


[е] 
СЕМЕ 
K Circuit Locked Rotor Current 


CONT Continuous; Control Limit Switch 
CP Cycles Per Second Lamp 


m 


Common-Emitter Configuration 


о 
Counter Electromotive Force О 


o 


о 
= 


5Р 
SPDT 
SPST 


Single-Pole, Double-Throw 


Single-Pole, Single-Throw 


n 


Ф Ф 
Q9 |o 
= 


Selector Switch 
Safety Switch 


| 


ente peessin gli Motor; Motor Starter; Motor Starter 
Control Relay Contacts 


P 
R 


| 


т 
S 
U 
M 


sw 
тв 
m 4 3 PH; 36 Three-Phase 

Metal-Oxide Semiconductor THS Thermostat Switch 


IR Time Delay Relay 


/А Digital to Analog 


[DMM Digital Multimeter Field-Effect Transistor Transistor-Transistor Logic 


| 
MED i 
i MIN ini 


E i t Switch и i 
pisc wosrer | Metal-Oxide Semiconductor 


СЄ 


Ultrahigh Frequency 
Unijunction Transistor 


Ultraviolet; Undervoltage 


DPDT Double-Pole, Double-Throw N; NEG North; Negative 


DPST Double-Pole, Single-Throw NC Normally Closed 
Neutral 


| 


Drum Switch 
Double-Throw 
Digital Voltmeter 


CL 
HF 
J 
V 


ii 


Normally Open 


| 


т 
А 
АС Volts Alternating Current 

3 


о 
Full-Load Current Overload Relay VLF Very Low Frequency 
$ Flow Switch OZ/IN Ounces Per Inch VOM Volt-Ohm-Milliammeter 
/ 
c 


NPN Negative-Positive-Negative 
[9] Orange 
OCPD =] 

HM 


< 


Electromotive Force 


= 


Fahrenheit; Fast; Field; Forward; Fuse 


Field-Effect Transistor Overcurrent Protection Device 


FF 
L 
L 


Flip-Flop 


i 


T 


С 
ET Fuli-Load Torque 
M 


Fequency Modulation [вв | 


B 
S Float Switch PH; ф 
S 


ES TELS 


п 


Low Side of Transformer 


w Yellow 
Z Impedance 


Printed Circuit Board 


Plugging Switch 


4 


Abbr/Acronym 
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FLUID POWER ABBREVIATIONS/ACRONYMS 


British Thermal Unit 


Inch Pound 


Degrees Celsius 


Internal 


Closed Center (valves) 


| Input/Output 


Counterclockwise 


Inches Per Minute 


Inches Per Second 


Pound 
| Maximum 


Cubic Feet Per Minute 
Cubic Feet Per Second 


Cubic Inches Per Minute 


Minimum 


Cycles Per Minute Normally Closed 


Cycles Per Second Normally Open 


Clockwise National Pipe Thread 


Cylinder Open Center (valves) 
Drain Ounce 


Пао Pilot Operated 

_ | External PRES or P Pressure 

| Degrees Fahrenheit PSI Pounds Per Square Inch 
Fluid PSI Absolute 

| PSI Gauge 

Full Scale Pint 
Foot Quart 


Foot Pound Radius 


Feet Per Minute 


Gauge Root Mean Square 


Gallon Revolutions Per Minute 


Gallons Per Minute Revolutions Per Second 


Horsepower Solenoid 
Hertz Torque; Thrust; Tank 
Inside Diameter Vacuum 


Inches Viscosity Index 


Viscosity 


Acetylene 


Hydrogen, butadiene, ethylene oxide, propylene oxide 


Carbon monoxide, ether, eihylene, hydrogen sulfide, morpholine, cyclopropane 


Gasoline, benzene, butane, propane, alcohol, acetone, ammonia, vinyl chloride 
Metal dusts 


Carbon black, coke dust, coal 


Grain dust, flour, starch, sugar, plastics 
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NON-LOCKING WIRING DEVICES 


2-POLE, 3-WIRE PO : 
WIRING = NEMA) RECEPTACLE parna] | WIRING МЕМА / RECEPTACLE е 
DIAGRAM CONFIGURATION | RATING DIAGRAM | ANSI | CONFIGURATION | RATING 


15A Se qd 10-20 dex 20A 
125V Шы m C73.23 3 Uy 125/250 V 


20A 10-30 d 30A 
125 V z C73.24 y 125/250 V 


30A 10-50 (C es 50 A 
125 V C73.25 125/250 V 


50A WS | 15A 
125V = C73.54 3¢250 V 


~ 
J 
|a | 


c 


N 
Е 


11-20 \ 20А 
С73.55 | UJ 30250 V 


€ 
B 


j 


LS 


| 11-30 dos 30A 
ss \8 Z) 30250V 
| 


a 


11-50 hs 50A 
C73.57 WV CJ 30250 V 


IN 


a 


WIRING . 
DIAGRAM RATING 


15A 
125/250 V 


20A 
125/250 V 


30A 
125/250 V 


50A 
125/250 V 


4-POLE, 4-WIRE B 
- ——— - -— ас 60А 
WIRING NEMA | RECEPTACLE |RATING m 125/250 V 


DIAGRAM CONFIGURATION 
ТЕ 15А кз 
UN e 15A 

П 30Y Я 0 =) 
120/208 V чет 30250 V 


20A 
3oY uL (t 20A 


120/208 V | = езу 


30A 
3oY \ 30A 


120/208 V ! P dé d 


50A ; 
абу @ 50А 


120/208 \/ ' Ee ig 


— 
en | бш 60 A 


120/208 V ч н сз / 30250 V 
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LOCKING WIRING DEVICES 


2 POLE. 3-WIRE 3.POLE, 3-WIRE 


WIRING 
DIAGRAM 


NEMA 


ML3 
C73.30 


15A 
125/250 V 


L10-20 
C73.96 


20A 
| 125/250 V 


L10-30 
C73.97 


30 A 
125/250 V 


L11-15 
C73.98 


15 A 
30250 V 


L11-20 
C73.99 


zi 


| 20A 
30250 V 


T 


L12-20 
C73.101 


20A 
30480 V 


L12-30 
C73.102 


30A 
30480 V 


—— e 
DIAGRAM _ 


L13-30 
C73.103 


30A 
30600 V 


C73.104 


120/208 V 


20A 
125/250 V 


L18-30 
C73.105 


| 
30A 
30Y 
120/208 V 


30 A 
125/250 V 


L19-20 
C73.106 


20A 
3oY 
277/480 V 


20A 
30 250 V 


30 A 
30250 V 


L20-20 


C73.108 


20A 
30Y 
347/600 V 


20A 
30 480 V 


20A 
3oY 
120/208 V 


30A 
39480 V 


20A 
3oY 
277/480 V 


30A 
30600 V 


20A 
30Y 
347/600 V 
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INDUSTRIAL ELECTRICAL SYMBOLS 


NORMALLY NORMALLY | 
OPEN CLOSED |x 
EC 
oe © 
NO 
“se 
HELD HELD O—0 
CLOSED OPEN NC 


(b Е | STATIC SWITCHING CONTROL IS A METHOD OF SWITCHING 


ELECTRICAL CIRCUITS WITHOUT USE OF CONTACTS, 
F : PRIMARILY BY SOLID-STATE DEVICES. USE SYMBOLS 
À SHOWN IN TABLE AND ENCLOSE THEM IN A DIAMOND. 
obe 
= | = МРОТ СОШ  OUTPUTNO LIMIT SWITCHNO LIMIT SWITCH NC 
(see) 


TWO-POSITION 


=g 


X-CONTACT CLOSED X - CONTACT CLOSED 


-n EE 


MOMENTARY CONTACT MAINTAINED CONTACT ILLUMINATED 


SINGLE DOUBLE MUSHROOM WOBBLE TWO ONE 
CIRCUIT CIRCUIT HEAD STICK SINGLE DOUBLE 


CIRCUIT CIRCUIT 
NO AND NC 
- 2 P ar 
O © | 
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INDUSTRIAL ELECTRICAL SYMBOLS 


| 


MEER ems m 


“TIMED CONTACTS - CONTACT ACTION 
INSPANT OPERATING RETARDED AFTER COIL IS: 


SPST NO SPST NC SPDT TERMS 
SINGLE DOUBLE SINGLE DOUBLE SINGLE 
BREAK BREAK BREAK BREAK BREAK 
SINGLE-POLE, 
SINGLE-THROW 
SPDT 
0—0 C—O SINGLE-POLE, 
DOUBLE-THROW 
DPST 
DOUBLE-POLE, 


SINGLE-THROW 


SINGLE DOUBLE SINGLE DOUBLE SINGLE DOUBLE DPDT 
BREAK BREAK BREAK BREAK BREAK BREAK DOUBLE-POLE, 


DOUBLE-THROW 


NO 
NORMALLY OPEN 


NC 
NORMALLY CLOSED 


INDICATE TO INDICATE FUNCTION OF METER OR INSTRUMENT, . INDICATE COLOR BY LETTER 
TYPEBY | PLACE SPECIFIED LETTER OR LETTERS WITHIN SYMBOL. 
LETTER NON PUSH-TO-TEST PUSH-TO-TEST 
VA 


AMMETER VOLTMETER 
AMPERE HOUR VARMETER 
MICROAMMETER VARHOUR METER 
MILLAMMETER WATTMETER 
POWER FACTOR WATTHOUR METER 
VOLTMETER 


| IRON CORE | CORE DUAL-VOLTAGE MAGNET COILS 
c 
EN HIGH-VOLTAGE |  LOWVOLTAGE | 


AIR | ARCORE | 


ОЛ 
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.JNDUSTRIAL ELECTRICAL SUMMUS S. 


| СЕРИ 


ie p re a LR EB B О аы КОСЕ ЕЕ RE ERES 


AUTO AIR CORE CURRENT ~ CONTROL TRANSFORMER 


SINGLE- DUAL- 
L VOLTAGE VOLTAGE 
2000: Su? Nat 


SINGLE- SEPARATE PHASE, SEPARATE WINDING, 
PHASE TWO-SPEED THREE-PHASE TWO-SPEED 
T11 


AUTOTRANSFORMER 
FOR REDUCED- 
VOLTAGE STARTING 


п — а 


VARIABLE-TORQUE, CONSTANT- WYE/DELTA, WYE-CONNECTED, PART WINDING, 
TWO-SPEED HORSEPOWER, REDUCED- REDUCED-VOLTAGE 
TWO-SPEED VOLTAGE 


T4 


[ — ЛИБЕ ЕС 


COMM OR NOT 
SHUNT SERIES 
ARMATURE FIELD FIELD COMPENS | CONNECTED 


ca 
ENSEM 


@ ас о EN oie E 
> SHOW 4 SHOW 3 —$— 
LOOPS LOOPS MECHANICAL 
CONNECTED | CONTROL eee - INTERLOCK 


р SENEC 


L1, L3 PHASE 1 

LINE MARKINGS CREZ L2 L4 PHASE 2 [КОШЕР 169) 

L1 IS ALWAYS ү 
GROUND WHEN USED UNGROUNDED 
MOTOR RUNNING 1 ELEMENT 
OVERCURRENT 2 ELEMENT 
UNITS IN 3 ELEMENT 
CONTROL CIRCUIT L1, L2 
CONNECTED TO 
FOR REVERSING L1.L3 | 


WIRING MECHANICAL 


TERMINAL 


Eg; IER. IE 
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INDUSTRIAL ELECTRICAL SYMBOLS 


ADJUSTABLE BY RHEOSTAT, POT, OR | Es 
FIXED TAPS ADJUSTABLE TAP ADJUSTABLE | POLARIZ 


TET eee 


POWER OR 
CONTROL 


UNIDIRECTIONAL - 
x 2 BREAKDOWN 
DOT IN TUBE (ZENER) DIODE 


DENOTES GAS% 


BIDIRECTIONAL TRIAC SILICON PROGRAMMABLE 
BREAKDOWN CELL (BIDIRECTIONAL CONTROLLED UNIT - JUNCTION 
DIODE TRIODE THYRISTOR) RECTIFIER TRANSISTOR (PUT) 


TRANSISTOR - 


PNP BASE NPN BASE 


| Ear 
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HORSEPOWER-TO-TORQUE CONVERSION 
200,000 
100,000 


50,000 
40,000 


30,000 


20,000 


10 : 20 


HORSEPOWER TORQUE (IN LB-FT) 
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MOTOR HORSEPOWER 


mua m 


.58 
72 
.87 


1 
3 
4 
5 
[om 
10 
1 


1.45 
32.81 43.75 
21515) 38.28 51205 
2.91 | 43.75 58.34 


2 
20 

3.28 
50 

ТЩ 


3.64 
| 80 — 5.83 14.58 29.17 


6.56 16.40 | 32.81 


Buff 
18.23 | 36.46 218.78 | 291.71 


* іп gpm 
** pump pressure in psi (efficiency assumed to be 80%) 
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AC/DC FORMULAS 


| |, HP known НР x746 | HP x 746 
E x Er E x Em x PF 
1, kW known kW x 1000 kW x 1000 kW x 1000 kW x 1000 
5 E x PF E x PF 1.73 x E x PF 
1, KVA known КУА х 1000 kVA x 1000 kVA x 1000 
E 1.7б x E 
kW IXE IX Ex PF I x Ex PF i IE Se 7/8) хх РЕ 
1000 1000 1000 1000 
kVA Ix КЕЕ 
1000 1000 1000 
HP (output) Ix Ex Ep I xE x Ет x PF Ix Ex Eş x PF Ie [= Se 1.7/8) KETARA 
746 746 746 746 


En = efficiency 


HORSEPOWER FORMULAS 


240 V, 20 A, 85% Ен HP = l x EXER 
746 
20 A x 240 V x 85% 
746 
HP. 5:5 
HP x 746 10 HP, 240 V, . ,L.HP x 746 
RENNES x РЕ 90% Ett, 88% PF т Per ВЕ 
10HP x 746 
240V x 90% x 88% 
1= 39 А 


VOLTAGE DROP FORMULAS - 1 


240 V, 40 A, Ох Н oe IL SS [| 


60 1, 1000 
.764R 2 х .764 x60 x 40 

үр 1000 

VD - 3.67 V 


2x RxLxlI 208 V, 110 A, ax Rx Lx 
VD — 000 5 x .866 75 L, .194 В, VD 7000. x .866 
.866 multiplier 2 x .194 x 75 x 110 
VD aa 6 


VD = 2.77 V 
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POWERS OF 10 


Omar OR ast Olan 0) 
10 x 10 x 10 x 

10 x 10 

10 

1 

1/10 

1/(10 х 10) ог 1/100 


1/(10 х 10 х 10) ог 1/1000 


1/(10 x 10 x 10 x 10) 
or 1/10,000 


Read ten to the fourth power 

Read ten to the third power or ten cubed 
Read ten to the second power or ten squared 
Read ten to the first power 

Read ten to the zero power 

Read ten to the minus first power 

Read ten to the minus second power 

Read ten to the minus third power 


Read ten to the minus fourth power 


UNITS OF ENERGY 


| кеу | вы | fib | 
British 
thermal unit 1 777.9 
1:285 x 10-* 1 
9.481 x 10-4 0.7376 
3.968 3.086 


3.413 2.655 x 10° 


Foot-pound 
Joule 
Kilocalorie 
Kilowatt-hour 


UNITS OF POWER 


Foot-pound/sec 
Horsepower 
Kilowatt 


1.056 
1.356 


4.184 1 
3.6 x 10° 


2.930 x 10-4 
3.760. x О 
2/778 x 1077 
1.163 x 107? 
860.2 1 


0.252 
3.240 x 10-* 
2.390 x 10-* 


STANDARD SIZES OF FUSES AND CBs 


NEC? 240-6(a) lists standard ampere ratings of fuses 
and fixed-trip CBs as follows: 

15; 20; 25, 30, 35, 40, 45, 

50, 60, 70, 80, 90, 100, 110, 

125, 150mi75. 2001225 

250, 300, 350, 400, 450, 

500, 600, 700, 800, 

1000, 1200, 1600, 

2000, 2500, 3000, 4000, 5000, 6000 
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AC MOTOR CHARACTERISTICS 


115 V, 280 V 


Very low 50% to 10095 
of full load 


Low 75% to 20096 
of full load 


High 200% to 350% 
of full load 


Very low 50% to 10096 
of full load 


Very high 350% to 450% 
of full load 


Fractional 
V5 HP to УНР 


Fractional 
% HP or less 


Fractional to 
3 HP 


Fractional to 
5 HP 


Fractional to 
10 HP. 


Fixed 900, 1200, 
1800, 3600 


Fixed 900, 1200, 
1800, 3600 


Very low 
75% to 85% 


Low 
85% to 95% 


Low 
90% to 110% 


Low 
9095 to 11096 


Low 
10096 to 11595 


Light-duty applications such as small fans, 


Shaded-pole - 
hair dryers, blowers, and computers 


[п " A 
Low-torque applications such as pumps, 


Split-phase А 
blowers, fans, and machine tools 


115 V, 230 V 


Capacitor- 


Hard-to-start loads such as refrigerators, 
start 


115 V, 230 V | 
air compressors, and power tools 


Fixed 900, 1200, 1800 


Capacitor-run | 115 V, 230 V Fixed 900, 1200, 1800 appications tna} requiro а о 
lorque such as pumps and conveyors 


Capacitor 


Applications that require both a high starting 
start-and-run 


115 V, 230 V А 
and running torque such as loaded conveyors 


Fixed 900, 1200, 1800 


Low 100% to 175% 
of full load 


Low 
100% 
Varies by changing Very high | 
resistance in rotor | 250% to 350% 
High 
200% to 250% 


Fractional to 


230 V, 460 V over 500 HP 


Fixed 900, 1200, 3600 Most industrial applications 


Induction 


High 200% to 300% of full 
load 


Very low 40% to 100% 
of full load 


Vy HP to 
200 HP 


Fractional to 
250 HP 


Applications that require high torque 


Wound rotor Я 
at different speeds such as cranes and elevators 


230 V, 460 V 


Applications that require very slow 


nchronous 
Sy speeds and correct power factors 


230 V, 460 V Exact constant speed 


* based on standard 3$ induction motor 


Very high 
400% to 45096 
of full load 


12 V, 90 V, 120 V, 
180 V 


Varies 
0 to full speed 


Fractional to 
100 HP 


High 
175% to 225% 


Applications that require very high 


DC Series torque such as hoists and bridges 


—— 


12 V, 90 V, 120 V, 
180 V 


Low 
125% to 250% 
of full load 


Fractional to 


100 HP 


Fixed or adjustable 


below full speed 


High Applications that require better speed control 


175% to 225% 


than a series motor such as 
woodworking machines 


Compound 


12 V, 90 V, 120 V, 
180 V 


High 
300% to 400% 
of full load 


Fractional to 
100 HP 


Fixed or adjustable 


| 


High 
175% to 225% 


Applications that require high torque and 
speed control such as printing 


presses, conveyors, and hoists 


Applications that require small DC-operated 
equipment such as automobile power 
windows, seats, and sun roofs 


Low 
100% to 200% 
of full load 


High 
150% to 200% 


Varies 
from 0 to full speed 


12 V, 24 V, 36 V, 
120 V 


Permanent- 


Fractional 
magnet 


ы 
Size rating is 
given as holding 
torque and number 
of steps 


Varies based on 
number of steps and 
rated torque 


Rated in number of 
Steps per sec 
(maximum) 


Applications that require low torque and precise 
control such as indexing tables and printers 


Very low** 


5 V, 12 V, 24 V 5 to 5000 oziin. 


Stepping 


115 VAC, 230 VAC, 
12 VDC, 24 VDC, 
36 VDC, 120 VDC 


* based on standard 3$ induction motor 
** torque is rated as holding torque 


High 
300% to 40096 
of full load 


High 
175% to 225% 


Most portable tools such as drills, routers, 
mixers, and vacuum cleaners 


Varies 
0 to full speed 


AC/DC 


: Fractional 
Universal 


| 


OVERCURRENT PROTECTION DEVICES 


AM T 


14 to 50 HP | 150 
Over 50 HP 


* full voltage and resistor starting 
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CHEMICAL ELEMENTS 


Actinium Ac 
Aluminum А! 
Americium Am 
Antimony Sb 
Argon Ar 
Arsenic As 
Astatine At 
Barium 

Berkelium 


20.183 
[237] 
58.71 
92.906 
14.0067 
[255] 
190.2 
15.9994 
106.4 
30.9738 
195.09 
[244] 
[210] 
39.102 
140.907 
[145] 
[231] 
[226] 
[222] 
186.2 
102.905 
85.47 
101.07 
150.35 
44.956 
78.96 
28.086 
107.870 
22.9898 
87.62 
32.064 
180.948 
[97] 
127.60 
158.924 
204.37 
232.038 
168.934 
118.69 
47.90 
183.85 
[266] 
[263] 
[265] 
[262] 
[261] 
[262] 
238.03 
50.942 
131.30 
173.04 
88.905 
65.37 
91.22 


[227] Neon 
26.9815 Neptunium 
[243] Nickel 
121.75 Niobium 
39.948 Nitrogen 
74.9216 Nobelium 
[210] Osmium 
137.34 Oxygen 
[247] Palladium 
9.0122 Phosphorus 
208.980 Platinum 
10.811 Plutonium 
79.909 Polonium 
112.40 Potassium 
40.08 Praseodymium 
[251] Promethium 
12.01115 Protactinium 
140.12 Radium 
132.905 Radon 
35.453 Rhenium 
51.996 Rhodium 
58.9332 Rubidium 
63.54 Ruthenium 
[247] Samarium 
162.50 Scandium 
[254] Selenium 
167.26 Silicon 
151.96 Silver 
[257] Sodium 
18.9984 Strontium 
[223] Sulfur 
157.25 Tantalum 
69.72 Technetium 
72.59 Tellurium 
196.967 Terbium 
178.49 Thallium 
4.0026 Thorium 
164.930 Thulium 
1.00797 Tin 
114.82 Titanium 
126.9044 Tungsten 
192.2 Unnilennium 
55.847 Unnilhexium 
83.80 Unniloctium 
138.91 Unnilpentium 
[256] Unnilquadium 
207.19 Unnilseptium 
6.939 Uranium 
174.97 Vanadium 
24.312 Xenon 
54.9380 Ytterbium 
[258] Yttrium 
200.59 Zinc 
Molybdenum 95.94 Zirconium 
Neodymium 144.24 
* a number in brackets indicates the mass number of the most stable isotope 
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Beryllium 
Bismuth 
Boron 
Bromine 
Cadmium 
Caicium 
Californium 
Carbon 
Cerium 


Cesium 
Chlorine 
Chromium 
Cobalt 
Copper 
Curium 
Dysprosium 
Einsteinium 
Erbium 
Europium 
Fermium 
Fluorine 
Francium 
Gadolinium 
Gallium 
Germanium 
Gold 
Hafnium 
Helium 
Holmium 
Hydrogen 
Indium 
lodine 
Iridium 

Iron 
Krypton 
Lanthanum 
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Lawrencium 
Lead 
Lithium 
Lutetium 
Magnesium 
Manganese 
Mendelevium 
Mercury 
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abbreviation: A letter or combination of letters that rep- 
resents a word. 

accumulator: A device that stores fluid under pressure. 

AC line filter: A device that absorbs electrical interfer- 


ence from motors, etc. before these signals can travel 
down the power line. 


acronym: A word formed from the first letter(s) of a com- 
pound term. 

AC sine wave: A symmetrical waveform that contains 
360 electrical degrees. 

actuator: A device that changes the position of a valve. 

AC voltage: Voltage that reverses its direction of flow at 
regular intervals. 

adjustable core coil: A coil with a means for varying the 
magnetic field. 

aerial cable: Cable suspended in the air on poles or other 
overhead structures. 

air compressor (pump): A device that increases the pres- 
sure of atmospheric air to the desired pressure of the 
receiver tank. 

air core coil: A coil with an air core that develops a mag- 
netic field when current passes through the coil. 

air-core inductor: A coil of wire wrapped around a hol- 
low core. 

air muffler: A device that reduces the noise that is made 
when air passes through a restriction. 

alternating current (AC): Current that reverses its di- 
rection of flow at regular intervals. 

alternating current motor: A motor that operates on AC. 

alternation: Half of a cycle. 

ambient temperature: The temperature of the air sur- 
rounding a piece of equipment. 

American National Standards Institute (ANSI): A na- 
tional organization that helps identify industrial and 
public needs for standards. 

ampere (A): The numter of electrons passing a given 
point in one second. 
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amplification: The process of taking a small signal and 
increasing its size. 

amplifier: An electric device that turns medium-level audio 
signals into strong audio signals that are sent to speakers. 

amplifier power: The measure of power going into an 
amplifier to make it work. 

amplitude: The distance that a vibrating object moves 
from its position of rest as it vibrates. 

analog: The output (display) of circuits with continuously 
changing quantities that may have any value between 
the defined limits. 

analog display: An electromechanical device that indi- 
cates readings by the mechanical motion of a pointer. 

analog input: An input that sends a continuously chang- 
ing variable into the system. 

analog signal: A type of input signal to an electric mo- 
tor drive that can be either varying voltage or vary- 
ing current. 

AND gate: A gate that provides a logic level 1 only if all 
inputs are at logic level 1. 

apparent power (P,): The product of the voltage and 
current in a circuit calculated without considering the 
phase shift that might be present between the voltage 
and the current in the circuit. 

appliance (heater) plugs: Plugs used to power appliances 
that produce heat, such as electric grills, roasters, broil- 
ers, waffle irons, and large coffeemakers. 

arc tube: The light-producing element of an HID lamp. 


area: The number of unit squares equal to the surface of 
an object. 

arithmetic: The branch of mathematics that involves the 
computation (addition, subtraction, multiplication, and 
division) of positive real numbers. 

armor-clad cable: A cable that has an outer cover made 
of flexible galvanized steel. 


atom: The smallest particle that an element can be reduced 
to and still maintain the properties of that element. 

audio signal: An electrical representation of a sound in 
the form of fluctuating voltage or current. 
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audio spectrum: The part of the frequency spectrum that 
humans can hear (20Hz—20 kHz). 


audio system: An arrangement of electronic components 
that is designed to reproduce sound. 


autotransformer: А transformer that changes voltage 
level using the same common coil for both the pri- 
mary and secondary. 


avalanche current: Current passed when a diode 
breaks down. 


average power rating: The amount of power a speaker 
can accept continuously without damage. 


average value: The mathematical mean of all instanta- 
neous voltage values in the sine wave. 


backbone cable: A conductor (copper or fiber optic) used 
between telecommunications closets or floor distribu- 
tion terminals and equipment rooms within buildings. 


bandwidth: The range of frequencies that a device can 
accept within tolerable limits. 


bar graph: A graph composed of segments that function 
as an analog pointer. 


base: The repeated factor that is multiplied to obtain a power. 


battery: A DC voltage source that converts chemical en- 
ergy to electrical energy. 


bayonet base: A bulb base that has two pins located on 
opposite sides. 


bel: The logarithm of an electrical, acoustical, or other 
power ratio. 


belt drive: A turntable drive that has the motor connected to 
an inner platter through a belt and pulley arrangement. 


bench testing: Testing performed when equipment un- 
der test is brought to a designated service area. 


binary coded decimal system (BCD): A coding system 
that represents each digit from 0 through 9 as a four-bit 
binary number. 


binary numbering system: A base 2 numbering system 
that uses only two digits, O and 1. 


binary signal: A signal that has only two states. 


bipolar device: A device in which both holes and electrons 
are used as internal carriers for maintaining current flow. 


bit: Each digit (0 or 1) of a binary number. 


bobbin: A small paper, plastic, or metal cylinder around 
which the voice coil is wound. 

bottoming: A sharp clicking that occurs when a speaker cone 
cannot move as far as required by the audio signal. 

break: The number of separate places on a contact that 
open or close an electrical circuit. 


breakdown torque (BDT): The maximum torque a motor 
can produce without an abrupt reduction in motor speed. 

brightness: The perceived amount of light reflecting from 
an object. 

British thermal unit (Btu): The amount of heat required 
to raise 1 Ib of water 1?F. 

brown-out: The deliberate reduction of the voltage level 
by a power company to conserve power during peak 
usage times. 

Btu (British thermal unit): The amount of heat required 
to raise the temperature of 1 lb of water 1?F. 

bus: A large trace extending around the edge of a circuit 
board to provide conduction from several sources. 

busway: A metal-enclosed distribution system of busbars 
available in prefabricated sections. 

byte: A group of 8 bits. 
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cable: Two or more conductors grouped together within 
a common protective cover and used to connect indi- 
vidual components. 

calorie (cal): The amount of heat required to raise 1 g of 
water 1?C. 

Canadian Standards Association (CSA): A Canadian 
organization similar to UL? that tests equipment and 
products to ensure they meet national standards. 

capacitance (C): The ability of a component or circuit to 
store energy in the form of an electrical charge. 

capacitive reactance (X): The opposition to current flow 
by a capacitor. 

capacitor: An electric device designed to store electrical 
energy by means of an electrostatic field. 

capacitor motor: A 1, AC motor that includes a capaci- 
tor in addition to the running and starting windings. 

capacitor-run motor: A capacitor motor that has the start- 
ing winding and capacitor connected in series at all times. 

capacitor start-and-run motor: A capacitor motor that 
has high- and low-value capacitors connected in par- 
allel with each other and in series with the starting 
winding to provide a very high starting torque. 

cartridge: A vibration sensor that holds a needle. 

cascaded amplifiers: Two or more amplifiers connected 
to obtain the required gain. 

cassette tape: A plastic film covered with a magnetic 
powder. 

cathode: A tungsten coil coated with electron-emissive 
material which releases electrons when heated. 

cell: A unit that produces electricity at a fixed voltage 
and current level. 


check valve: A valve that allows the fluid to flow in one 
direction only. 

circle: A plane figure generated about a centerpoint. 

circuit breaker: An OCPD with a mechanical mecha- 
nism that may manually or automatically open the cir- 
cuit when an overload condition or short circuit occurs. 


circular mil: A measurement used to determine the 
cross-sectional area of a conductor. 


circumference: The boundary of a circle. 

cladding: A layer of glass or other transparent material sur- 
rounding the fiber core and used as optical insulation. 

clamp-on ammeter: A meter that measures current in a 
circuit by measuring the strength of the magnetic field 
around a conductor. 

class: The hazardous location category that refers to the 
generic hazardous material present. 

clock radio: A small electric device that keeps time and 
has a tuner to receive broadcast signals. 

code: A regulation or minimum requirement. 

coefficient: A factor that is multiplied by the base number. 

coil: A winding consisting of insulated conductors ar- 
ranged to produce magnetic flux. 

cold resistance: The resistance of a component when 
operating current is not passing through the device. 

cold solder joint: A poor electrical and mechanical con- 
nection caused by insufficient heat during soldering 
or connecting parts moving after the solder is applied 
but before it has cooled. 

color rendering: The appearance of a color when illumi- 
nated by a light source. 

common noise: Noise produced between the ground and 
hot or the ground and neutral lines. 

communication cable: Cable (usually copper or fiber 
optic) used to transmit data from one location (or de- 
vice) within a system to another location. 

compact disc (CD) player: An electric device that plays 
music stored on a compact disc (CD) by means of re- 
flecting light from a laser beam. 

complementary metal-oxide semiconductor (CMOS) 
ICs: A group of ICs that employ MOS transistors. 

compound: A combination of the atoms of two or more 
elements. 

compression: An area of increased pressure in a sound 
wave produced when a vibrating object moves outward. 

concert theater sound system: A large audio system used 
to project high-quality sound for a theater. 

conductivity (G): The ability of a substance or material 
to conduct electric current. 

conductor: A material that has very little resistance and 
permits electrons to move through it easily. 
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conduit: A hollow pipe used to protect conductors. 
constant: A number with a fixed value. 


constant-wattage autotransformer ballast: A 
high-reactance autotransformer ballast with a capaci- 
tor added to the circuit. 


contactor: А control device that uses a small control cur- 
rent to energize or de-energize the load connected to it. 

contacts: The conducting part of a switch that operates 
with another conducting part to make or break a circuit. 

contact tachometer: А device that measures the rotational 
speed of an object through direct contact of the ta- 
chometer tip with the object to be measured. 

contact thermometer: An instrument that measures tem- 
perature at a single point. 


continuous quantities: The numbers resulting from mea- 
surements that cannot be directly counted. 

contrast: The ratio of brightness between different objects. 

control circuit transformer: A transformer used to pro- 
vide power for a machine or system control circuit. 

control switch: A switch that controls the flow of current 
in a circuit. 

control valve: А valve that sets the flow or pressure of 
fluid or air in the circuit. 

conventional current flow: Current flow from positive 
(+) to negative (—). 

converter: An electronic device that changes AC voltage 
into DC voltage. 

copper-clad aluminum: A conductor that has copper 
bonded to an aluminum core. 

copper loss: The loss caused by the resistance of the cop- 
per wire to the flow of current. 

cord: Two or more conductors grouped together and used 
to deliver power to a load by means of a plug. 

cover glove: A glove worn over a latex electrical glove to 
prevent penetration of the latex glove and provide 
added protection against electrical shock. 

crimped connection: A connection in which two wires 
are held together by crimping them in a specially de- 
signed fitting. 

crossover network: An electrical device used to limit the 
frequencies sent to a particular speaker in a multiple 
speaker system. 

cube root: A number which has three equal roots. 

current (D: The amount of electrons flowing through an 
electrical circuit. 

current transformer: A transformer that measures the 
amount of current flowing through a wire by measur- 
ing the strength of the magnetic field around the wire. 

cutoff region: The point at which the transistor is turned 
OFF and no current flows. 
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cycle: One complete positive and negative alternation of 
a wave form. 

cylinder: A device that converts fluid energy into a linear 
mechanical force. 


D 


data interface module: A device that converts input sig- 
nals into a signal that can be sent over a network. 

DC compound motor: A DC motor that has one field 
connected in series with the armature and the other 
field connected in parallel with the field. 

DC permanent-magnet motor: A DC motor that has only 
armature connections and no field connections. 

DC series motor: A DC motor that has the field connected 
in series with the armature. 

DC shunt motor: A DC motor that has the field con- 
nected in parallel with the armature. 


DC voltage: Voltage that flows in one direction only. 

decibel (dB): The unit used to measure the intensity (vol- 
ume) of sound. 

decimal: A number expressed in base 10. 

decimal fraction: A fraction with a denominator of 10, 
100, 1000, etc. 

decimal point: The period at the left of a proper decimal 
number or the period that separates the parts of a mixed 
decimal number. 

delta configuration: A transformer connection that has 
each transformer coil connected end-to-end to form a 
closed loop. 

denominator: The number in a fraction that indicates the 
number of equal parts into which a unit is divided. 

detent actuator: A device that automatically holds a valve 
in its last position. 

diac: A thyristor that triggers in either direction when its 
breakover voltage is exceeded. 

diameter: The distance from circumference to circum- 
ference through the centerpoint of a circle. 

digital: The output (display) of only specific quantities 
that change in discrete steps, such as the seconds, min- 
utes, and hours displayed on a digital watch. 

digital display: An electronic device that displays read- 
ings as numerical values. 

digital IC: An IC that contains a switching integrated circuit 
that processes finite (zero and maximum) signal levels. 

digital input: An input that is either ON or OFF. 

digital logic gate: A circuit that performs a special logic 
operation such as AND, OR, NOT, NOR, NAND, and 
exclusive OR. 


digital logic probe: A special DC voltmeter that detects 
the presence or absence of a signal. 

dimmer switch: A switch that changes the lamp bright- 
ness by changing the voltage applied to the lamp. 

diode: A semiconductor device that offers very high op- 
position to current flow in one direction and very low 
opposition to current flow in the opposite direction. 

direct current (DC): Current that flows in only one 
direction. 

direct drive: A turntable drive system in which the mo- 
tor and platter are combined into one mechanical part. 

directional control valve: A valve that is used to direct 
the flow of fluid throughout a fluid power system. 

direct proportion: A statement of equality between two 
ratios in which the first of four terms divided by the 
second equals the third divided by the fourth. 

disconnect switch (disconnect): A switch that discon- 
nects electrical circuits from motors and machines. 

discrete: Refers to unconnected elements that constitute 
a separate entity. 

dispersion: The scattering of sound waves. 

distortion: Any unintentional change in the characteris- 
tics of an audio signal. 

division: The hazardous location category that refers to 
the probability that a hazardous material is present. 

doping: The process by which the crystal structure of a 
semiconductor is altered. 

double-acting cylinder: A cylinder that requires fluid 
pressure to advance and retract the cylinder. 

dual-function switch: A switch that performs two differ- 
ent switching functions such as forward or reverse. 

dual-voltage motor: A motor that operates at more than 
one voltage level. 

dual-voltage, split-phase motor: A motor that can be 
connected for either of two voltages. 

duplex receptacle: A receptacle that has two spaces for 
connecting two different plugs. 

dynamic microphone: A microphone that senses sound 
using a magnet and a coil of wire. 


E 


earmuff: An ear protection device worn over the ears. 

earplug: An ear protection device made of moldable rub- 
ber, foam, or plastic and inserted into the ear canal. 

eddy-current loss: The loss caused by the induced cur- 
rents that are produced in metal parts that are being 
magnetized. 


edge card: A PC board with multiple terminations (ter- 
minal contacts) on one end. 

edge card connector: A connector that allows the edge 
card to be connected to the system's circuitry with the 
least amount of hardware. 

electret condenser microphone: A microphone in which 
sound waves vibrate a diaphragm in the microphone 
next to a charged capacitor. 

electric discharge lamp: A lamp that produces light by 
an arc discharged between two electrodes. 

electric motor: A rotating output device that converts 
electrical power into a rotating, mechanical force. 

electric motor drive: An electronic device that controls 
the direction, speed, torque, and other operating func- 
tions of an electric motor in addition to providing motor 
protection and monitoring functions. 

electrical enclosure: A housing that protects wires and 
equipment and prevents personnel injury by acciden- 
tal contact with a live circuit. 

electrical glove: A glove made of latex that is used to 
provide maximum insulation from electrical shock. 

electrical noise: Any unwanted disturbance that interferes 
with a signal. 

electrical resistance: Opposition to the flow of electrons 
through any material. 

electrodynamic speaker: A speaker that uses a magnet 
and a coil of wire to move the cone to produce sound. 

electromagnetism: The magnetic field produced when 
electricity passes through a conductor. 

electromechanical relay: A switching device that has sets 
of contacts which are closed by a magnetic force. 


electron: A negatively charged particle in an atom. 

electron current flow: Current flow from negative (—) to 
positive (+). 

element: A substance that cannot be chemically broken 
down and contains atoms of only one variety. 

energy: The capacity to do work. 

envelope: A pictorial representation of what is occurring 
inside a valve for one given position. 

erase head: A electromagnet that erases all magnetic vi- 
brations on a tape. 

even number: Any number that can be divided by 2 an 
exact number of times. 


exclusive OR gate (XOR): A digital logic gate that pro- 
vides a logic level 1 only if one, but not both of the inputs 
are at logic level 1. 

exponent: A number that indicates the number of times a base 
is raised to a power (number of times used as a factor). 


extremes: The two outer numbers of a proportion. 
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face shield: An eye and face protection device that cov- 
ers the entire face with a plastic shield and is used for 
protection from flying objects. 

factors: Two or more numbers multiplied together to give 
a product. 

fan-out: The number of loads that can be driven by the 
output of a logic gate. 

ferrite: A chemical compound consisting of powdered 
iron oxide and ceramic. 

ferrite-core inductor: A coil of wire wrapped around a 
ceramic material (ferrite). 

ferromagnetic materials: Materials, such as soft iron, 
that are easily magnetized. 

fiber optics: The method of using light to transport in- 
formation from one location to another location 
through thin filaments of glass or plastic. 

filament: A conductor with a resistance high enough to 
cause the conductor to heat. 

filter: A device that removes solid contaminants from a 
fluid power system. 

filter with drain: A device that removes contaminants 
and moisture from a fluid power system. 

fixed capacitor: A capacitor that has one value of 
capacitance. 

fixed displacement fluid power motor: A fluid power 
motor that provides rotary motion and drives a load in 
one direction. 

fixed displacement pump: A pump that develops a fixed 
amount of flow for a given pump speed. 

fixed resistor: A resistor with a set value, such as 100 W. 

fixture splice: A splice that connects two wires in which 
one of the wires is smaller than the other, or one wire 
is stranded and the other is solid. 

flat-cord plug: An ungrounded plug that includes a core 
that snaps into a housing after the wires are connected. 

floating input: A digital input that is not a true high or 
low at all times. 

floodlight: A lamp that casts general light over a large area. 

flow control valve: A valve used to control the volume 
of fluid that passes through a circuit. 

flow switch: A switch that senses the movement of a fluid. 

fluid: A liquid or a gas that can move and change shape 
without separating when under pressure. 

fluid actuator: A device that converts fluid power to 
mechanical power. 

fluid conditioner: A device that maintains clean fluid in 
the system. 
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fluid power: The transmission and control of energy by 
means of a pressurized fluid. 


fluid power motor: A motor that converts pressurized 
fluid force into rotating motion. 


fluid power oscillator: A device that moves in fixed in- 
crements each time fluid pressure is applied. 


fluid pump: A pump that converts mechanical power to 
hydraulic or pneumatic power by pushing the fluid into 
the system. 


fluorescent lamp: A low-pressure discharge lamp in 
which ionization of mercury vapor transforms ul- 
traviolet energy generated by the discharge into 
light. 

foot actuator: An actuator that changes the valve posi- 
tion manually by using a person's foot. 

footcandle (fc): The amount of light produced by a lamp 
(lumens) divided by the area that is illuminated. 


foot protection: Shoes worn to prevent foot injuries that 
are typically caused by objects falling less than 4' and 
having an average weight of less than 65 Ib. 

foot switch: A control switch that is operated by a 
person's foot. 

force (F): Any cause that changes the position, motion, 
direction, or shape of an object. 

forced-air cooled transformers: Transformers that use 
a fan to move air over the transformer. 

forward-bias voltage: The application of the proper po- 
larity to a diode. 

forward breakover voltage: The voltage required to 
switch the SCR into a conductive state. 

fossil fuel: A fuel formed by plant and animal remains 
taken from the ground. 

4-way switch: A double-pole, double-throw (DPDT) 
switch that changes the electrical connections inside 
the switch from straight to diagonal. 

fraction: A part of a whole unit or number. 


frequency (f): The number of air pressure fluctuation 
cycles produced per second. 

frequency response: The variation of the speaker output 
over a frequency range. 

frequency spectrum: The range of all possible frequencies. 

full-load torque (FLT): The torque required to produce 
the rated power at full speed of the motor. 

full-range speaker: A speaker designed to adequately 
reproduce most of the audio spectrum. 


fuse: An OCPD with a fusible link that melts and opens 
the circuit when an overload condition or short cir- 
cuit occurs. 


G 


gain: A ratio of the amplitude of the output signal to the 
amplitude of the input signal. 

general wiring: The wiring used to connect electrical 
components in a circuit. 

ghost voltage: A voltage that appears on a meter that is 
not connected to a circuit. 

goggles: An eye protection device with a flexible frame 
that is secured on the face with an elastic headband. 

graph: A diagram that shows the continuous relationship 
between two or more variables. 

ground fault circuit interrupter (GFCD): An electric de- 
vice which protects personnel by detecting ground faults 
and quickly disconnecting power from the circuit. 

grounding: The connection of all exposed 
noncurrent-carrying metal parts to earth. 

grounding conductor: A conductor that does not normally 
carry current, except during a fault (short circuit). 


H 


hard-wiring: The physical connection of electrical com- 
ponents. 

harmonic: An overtone whose frequency is a multiple of 
the fundamental frequency. 

harmonic distortion: The presence of frequencies in the 
speaker output which are not in the electrical input. 

heat: Thermal energy. 

heat exchanger: A device that removes heat from the fluid 
in a hydraulic system. 

heating element: A conductor that offers enough resis- 
tance to produce heat when connected to an electrical 
power supply. 

heat sink: A device that conducts and dissipates heat away 
from a component. 

heavy-duty plug: A plugs that is used on high-wattage 
appliances and devices that operate on 230 V or 460 V. 

hertz: The international unit of frequency, which is equal 
to one cycle per second. 

hexadecimal numbering system: A base 16 numbering 
system that uses digits 0125347355. 7, 8, 9 and the 
first six letters of the alphabet, A, B, C, D, E, and F. 

high-intensity discharge (HID) lamp: A lamp that pro- 
duces light from an arc tube. 

high-power load: A load whose voltage and current rating 
is greater than the voltage and current rating of the switch. 

high-pressure sodium lamp: An HID lamp that produces 
light when current flows through sodium vapor under 
high pressure and high temperature. 


high-reactance autotransformer ballast: A ballast that 
uses two coils (primary and secondary) to regulate both 
voltage and current. 

holding current: The minimum current necessary for an 
SCR to continue conducting. 

holes: The missing electrons in the crystal structure of a 
semiconductor. 

horsepower (HP): A unit of power equal to 746 W or 
33,000 lb-ft per minute (550 lb-ft per second). 

hot resistance: The actual (true) resistance of a component 
when operating current is passing through the device. 

hydraulics: The transmission of energy using a liquid 
(normally oil). 

hysteresis loss: The loss caused by magnetism that re- 
mains (lags) in a material after the magnetizing force 
has been removed. 


illumination: The effect that occurs when light falls on 
a surface. | 

impedance (Z): The total opposition of any combination 
of resistance, inductive reactance, and capacitive re- 
actance offered to the flow of alternating current. 

improper fraction: A fraction that has a numerator larger 
than its denominator. 

incandescent lamp: An electric lamp that produces light 
by the flow of current through a tungsten filament in- 
side a gas-filled, sealed glass bulb. 

index: The small figure to the left of the radical sign o). 

index pin: A metal extension from the transistor case. 

inductance: The property of a circuit that causes it to 
oppose a change in current due to energy stored in a 
magnetic field. 

induction motor: A motor that has no physical electrical 
connection to the rotor. 

inductive reactance (X,): An inductor's opposition to 
alternating current. 

infrared meter: A meter that measures heat energy by 
measuring the infrared energy that a material emits. 

initial lumen: The amount of light produced when a lamp 
is new. 

in-line ammeter: А meter that measures current in a cir- 
cuit by inserting the meter in series with the 
component(s) under test. 

in-phase: The state when voltage and current reach their 
maximum amplitude and zero level simultaneously. 

input/output network: A network that allows analog and 
digital inputs to send information in the system. 
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instant-start circuit: A fluorescent lamp-starting circuit 
that provides sufficient voltage to strike an arc instantly. 

instrument level: The signal level produced by instru- 
ments such as guitars and old keyboards. 

insulator: A material that has a very high resistance and 
resists the flow of electrons. 

integrated circuits (ICs): Electronic devices in which 
all components (transistors, diodes, and resistors) are 
contained in a single package or chip. 

intensity: The level of brightness. 

interface: A device that allows different levels or types 
of components to be used together in the same circuit. 

inverse proportion: A statement of equality between two 
ratios in which an increase in one quantity results in a 
proportional decrease in the other related quantity. 

inverse square law: States that the amount of illumina- 
tion on a surface varies inversely with the square of 
the distance from the light source. 

inverter: An electronic device that changes DC voltage 
into AC voltage. 

invisible light: The portion of the electromagnetic spec- 
trum on either side of the visible light spectrum. 

iron core coil: A coil with an iron core added to increase 
the strength of the magnetic field. 

iron-core inductor: A coil of wire wrapped around a lami- 
nated steel core. 

isolated grounded receptacle: An electrical receptacle 
that minimizes electrical noise by providing a sepa- 
rate grounding path for each receptacle. 


J 


jogging: The frequent starting and stopping of a motor 
for short periods of time. 


junction field-effect transistor (JFET): A device in which 
output current is controlled by the voltage on the input. 


K 


kinetic energy: The energy of motion. 


knee pad: A rubber, leather, or plastic pad strapped onto 
the knees for protection. 

knuckle thread: A rounded thread normally rolled from 
sheet metal and used in various forms for electric bulbs 
and bottle caps. 


L 


lamp: An output device that converts electrical energy 
into light. 
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lateral service: An electrical service in which 
service-entrance conductors are run underground from 
the utility service to the dwelling. 

law of charges: A law that states that opposite charges 
attract and like charges repel. 


level switch: A switch that measures and responds to the 
level of a material. 


lever actuator: An actuator that changes the valve posi- 
tion using a lever. 


light: That portion of the electromagnetic spectrum which 
produces radiant energy. 


light emitting diode (LED): A diode that emits light when 
forward current is applied. 


limit switch: A switch that converts mechanical motion 
into an electrical signal. 


linear IC: An IC that contains an amplifying integrated 
circuit that produces an output signal that is propor- 
tional to the applied input signal. 


linear scale: A scale that is divided into equally spaced 
segments. 


line frequency: The number of cycles of supplied volt- 
age per second. 

line (ladder) diagram: A diagram which shows, with 
single lines and symbols, the logic of an electrical cir- 
cuit or system of circuits and components. 


line level: The signal level produced by audio devices 
such as tape decks, PA systems, tuners, VCRs, and 
other devices. 


line matching transformer: An adapter containing a 
transformer that changes the three-wire balanced sys- 
tem to a two-wire unbalanced system. 


liquid: A state of matter that has a definite volume, but 
not a definite shape. 


liquid-immersed/forced-air cooled transformer: A 
transformer that uses a liquid (oil) and fans to cool 
the transformer. 


liquid-immersed/self-cooled transformer: A transformer 
that uses a liquid (refined oil or synthetic oil) to help 
cool the transformer windings. 

load: 1. Any device that converts electrical energy to 
motion, heat, light, or sound. 2. A device that receives 
a signal from the source. 

local area network (LAN): A communication network 
that spans a relatively small area. 

locked rotor torque (LRT): The torque a motor produces 
when the rotor is stationary and full power is applied 
to the motor. 

lockout: The process of removing the source of electri- 
cal power and installing a lock which prevents the 
power from being turned ON. 


lockout devices: Lightweight enclosures that allow the 
lockout and tagout of standard control devices. 

lowest common denominator (LCD): The smallest num- 
ber into which the denominators of a group of two or 
more fractions divides an exact number of times. 

low-power load: A load in which the voltage and current 
rating of the load is less than the voltage and current 
rating of the switch. 

low-pressure sodium lamp: An HID lamp that operates 
at a low vapor pressure and uses sodium as the vapor. 

lubricator: A device that adds lubrication to pneumatic 
systems. 

lubricator with drain: A device that adds lubrication and 
removes moisture from a pneumatic system. 

lumen (Im): The unit used to measure the total amount of 
light produced by a light source. 

luminaire temperature: The temperature at which a lamp 
delivers its peak light output. 


magnet: A device that attracts iron and steel because of 
the molecular alignment of its material. 

magnetic flux: The invisible lines of force that make up 
the magnetic field. 

magnetism: A force that interacts with other magnets and 
ferromagnetic materials. 

manual shutoff valve: A valve that is manually operated 
to shut OFF or apply fluid power. 

mathematics: The science of numbers and their opera- 
tions, interrelations, and combinations. 

matter: Anything that has mass and occupies space. 

mean lumen: The average light produced after a lamp 
has operated for approximately 4046 of its rated life. 

means: The two inner numbers of a proportion. 

megohmmeter: device that detects insulation deteriora- 
tion by measuring high resistance values under high 
test voltage conditions. 

memory: À control function that keeps a motor running 
after the start pushbutton is released. 

mercury-vapor lamp: An HID lamp that produces light 
by an electrical discharge through mercury vapor. 

metal halide: An element (normally sodium and scandium 
iodide) which is added to the mercury in small amounts. 

metal-halide lamp: An HID lamp that produces light by 
an electrical discharge through mercury vapor and 
metal halide in the arc tube. 

microphone: Ап electric device that converts sound vi- 
brations to weak electrical vibrations. 


microphone level: The signal level produced by a stan- 
dard microphone. 

midrange: A speaker designed to reproduce sounds from 
about 1 kHz to 10 kHz. 

mixed decimal number: A decimal number that has a 
whole number and a decimal number separated by a 
decimal point. 

molecule: The smallest particle that a compound can be 
reduced to and still possess the chemical properties of 
the original compound. 

motion sensor: An infrared sensing device that detects 
the movement of a temperature variance and automati- 
cally switches when the movement is detected. 

motor: À machine that develops torque (rotating mechani- 
cal force) on a shaft which is used to produce work. 

motor efficiency: The measure of the effectiveness with which 
a motor converts electrical energy to mechanical energy. 

motor starter: An electrically-operated switch (contactor) 
that includes motor overload protection. 

motor torque: The force that produces, or tends to pro- 
duce rotation in a motor. 

multimeter: A meter that is capable of measuring two or 
more quantities. 

mutual inductance: The effect of one coil inducing a 
voltage into another coil. 


NAND gate: A logic gate designed to provide logic level 
О only if all inputs are at logic level 1. 

National Electrical Manufacturers Association (NEMA): 
A national organization that assists with information and 
standards concerning proper selection, ratings, construc- 
tion, testing, and performance of electrical equipment. 

National Fire Protection Association (NFPA): A na- 
tional organization that provides guidance in assess- 
ing the hazards of the products of combustion. 

negative charge: An electrical charge produced when 
there are more electrons than normal. 

negative resistance characteristic: The characteristic that 
current decreases with an increase of applied voltage. 

network: A system of computers, terminals, and data- 
bases connected by communication lines. 

neutral conductor: А current-carrying conductor that is 
intentionally grounded. 

neutron: А neutral particle, with a mass approximately the 
same as a proton, that exists in the nucleus of the atom. 

nibble: A group of 4 bits. 

nonlinear scale: A scale that is divided into unequally 
spaced segments. 
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nonmetallic cable: A tough, plastic-sheathed cable that is 
normally made of a moisture-resistant, flame-retardant 
material. 

non-positive displacement pump: A pump that circu- 
lates or transfers fluid. 

non-time delay fuse (NTDF): A fuse that may detect an 
overcurrent and open the circuit almost instantly. 

NOR gate: A logic gate designed to provide logic level 0 
if one or more inputs are at logic level 1. 

normally closed (NC) valve: A valve that does not allow 
pressurized fluid to flow out of the valve in the 
spring-actuated position. 

normally open (NO) valve: A valve that allows pressur- 
ized fluid to flow out of the valve in the spring-actuated 
position. 

NOT (inverter) gate: A logic gate designed to provide 
an output that is the opposite of the input. 

NPN transistor: А transistor that is formed by sandwich- 
ing a thin layer of P-type material between two layers 
of N-type material. 

NTC thermistor: A thermistor that has a decreasing re- 
sistance value with an increase in temperature. 

N-type material: Material created by doping a region of 
a crystal with atoms from an element that has more 
electrons in its outer shell than the crystal. 

nuclear fission: The splitting of atomic nuclei, resulting 
in the release of large amounts of energy. 

nucleus: The heavy, dense center of an atom which 
contains protons and neutrons and has a positive 
electrical charge. 

numerator: The number in a fraction that indicates how 
many of the parts are used. 


О 


Occupational Safety and Health Administration 
(OSHA): A federal agency that requires all employers 
to provide a safe environment for their employees. 

octal numbering system: A base 8 numbering system 
that uses only digits 0, 1, 2, 3, 4, 5, 6, and 7. 

odd number: Any number that cannot be divided by 2 an 
exact number of times. 

OFF-delay timer: A timer that delays for a predetermined 
time period when the timer no longer receives a signal 
to stay activated or is turned OFF before the timer con- 
tacts return to their normal condition. 

ohmmeter: A device that is used to measure the amount of 
resistance in a component (or circuit) that is not powered. 


Ohm’s law: The relationship between voltage, current, 
and resistance in a circuit. 
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ON-delay timer: A timer that delays for a predetermined 
time after receiving a signal to activate or turn ON 
before the timer's contacts are changed from their 
normal condition. 


OR gate: A logic gate designed to provide logic level 1 if 
one or more inputs are at logic level 1. 


oscilloscope: An instrument that displays an instantaneous 
voltage. 


output: A device that is used to produce work, light, heat, 
sound, or display information. 


overcurrent: А condition that exists on an electrical cir- 
cuit when the normal load current is exceeded. 


overcurrent protection device (OCPD): A disconnect 
switch with a circuit breaker (CB) or fuse added to 
provide overcurrent protection of the switched circuit. 

overhead service: An electrical service in which 
service-entrance conductors are run from the utility 
pole through the air and to the dwelling. 

overload: The condition that occurs when circuit current 
rises above the normal current level at which the load 
and/or circuit is designed to operate. 


P 


pads: Small round conductors to which component leads 
are soldered. 


palm button actuator: A device that is manually oper- 
ated by a person's hand to change the valve position. 


parallel connection: A connection that has two or more 
components connected so that there is more than one 
path for current flow. 


patch cord: A cable that consists of two wires: a thin 
center conductor that carries the signal and a woven 
shield wire that encircles it. 

PC board: An insulating material such as fiberglass or 
phenolic with conducting paths laminated to one or 
both sides of the board. 

peak inverse voltage (PIV): The maximum reverse bias 
voltage that a diode can withstand. 

peak load: The maximum output required of a transformer. 

peak power rating: The maximum power the speaker 
can take for a very short time. 

peak-to-peak value (V, ,): The value measured from the 
maximum positive alternation to the maximum nega- 
tive alternation. 

peak value (V | ): The maximum value of either the posi- 


max 


tive or negative alternation. 
percentage: A fraction that has a denominator of 100. 


period (T): The time required to produce one complete 
cycle of a sound wave. 


permanent magnet: A magnet that holds its magnetism 
for a long period of time. 

pH: The unit of measure that describes the degree of acidity 
or alkalinity of a solution. 

phase: The time relationship of a sine (or sound) wave to 
a known time reference. 

phase shift: The state when voltage and current in a cir- 
cuit do not reach their maximum amplitude and zero 
level simultaneously. 

photocell: A voltage source that converts light energy into 
electrical energy. 

photoconductive diode: A diode that conducts current 
when energized by light. 

photo tachometer: A device that measures the speed of 
an object without direct contact with the object. 

phototransistor: A transistor that controls the amount of 
current flowing through the emitter/base junction based 
on the amount of light. 

photovoltaic cell (solarcell): A device that converts so- 
lar energy to electrical energy. 

pigtail splice: A splice that consists of twisting two wires 
together. 

pilot actuator: An actuator that changes the valve posi- 
tion with air or oil force. 

pilot light: A light that provides illumination or gives a 
visual indication of the presence or absence of power 
in part of a circuit. 

pitch: The highness or lowness of a sound. 

plant information network: A network that allows in- 
formation to flow up from the plant floor and down 
from engineering, planning and scheduling, quality 
control, management, and outside sources. 

platter: The flat disk that rotates a record. 

playback head: An electromagnet which senses the 
changing magnetism on a magnetic tape and converts 
it into a weak electrical signal. 

plug: The device at the end of a cord that connects the device 
to the electrical power supply by means of a receptacle. 


pneumatics: The transmission of energy using air. 

PN junction: The area on a semiconductor material be- 
tween the P-type and N-type material. 

PNP transistor: A transistor formed by sandwiching a 
thin layer of N-type material between two layers of 
P-type material. 

polarity: The positive (+) or negative (—) state of an object. 

polarized plug: A plug in which one blade is wider than 
the other blade. 


pole: The number of completely isolated circuits that a 
relay can switch. 


portable audio system (boombox): A small, lightweight 
electric device that contains an amplifier, tuner, tape 
player, and speakers in one portable enclosure. 

position: The number of positions within the valve in which 
the spool is placed to direct fluid through the valve. 

positive charge: An electrical charge produced when there 
are fewer electrons than normal. 

positive-displacement pump: А pump that delivers a defi- 
nite quantity of fluid for every stroke, revolution, or cycle. 

potential energy: Stored energy a body has due to its 
position, chemical state, or condition. 

power (p): 1. The product of a repeated factor. 2. The 
rate of doing work or using energy. 

power factor (PF): The ratio of true power used in an 
AC circuit to apparent power delivered to the circuit. 

. power formula: The relationship between power (P), 
voltage (E), and current (Т) in an electrical circuit. 

power source: A device that converts various forms of 
energy into electricity. 

preamplifier: An electric device that accepts low-level 
audio signals like those from microphones and turn- 
tables and amplifies them to medium-level audio sig- 
nals that are sent to an amplifier. 

preheat circuit: A fluorescent lamp-starting circuit that 
heats the cathode before an arc is created. 

pressure gauge: A device used to indicate pressure at 
given points in the system. 

pressure-reducing valve: A valve that reduces the pres- 
sure in one part of a circuit. 

pressure relief valve: A valve that limits the amount of 
pressure in a fluid power system. 

pressure switch: A switch that opens or closes contacts 
in response to pressure changes in media such as air, 
water, or oil. 

primary division: A division with a listed value. 

prime number: A number that can be divided an exact 
number of times, only by itself and the number 1. 

produced electricity: The electricity produced either by 
magnetism (generator), chemicals (battery), light (pho- 
tocell), heat (thermocouple), or pressure (crystals). 

production control network: A network used to provide 
increased control of an input/output network. 

programmable controller (PLC): A solid-state control 
device that controls an industrial process or machine. 

proper decimal number: A decimal number that has no 
whole numbers. 

proper fraction: A fraction that has a numerator smaller 
than its denominator. 

proportion: An expression indicating that two ratios are equal. 
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protective helmet: A hard hat that is used in the work- 
place to prevent injury from the impact of falling and 
flying objects, and from electrical shock. 

proton: А positively charged particle that also exists in 
the nucleus of the atom. 

proximity switch: A switch that detects the presence or 
absence of an object without touching the object. 

PTC thermistor: A thermistor that has an increasing re- 
sistance value with an increase in temperature. 

P-type material: Material with empty spaces (holes) in 
its crystalline structure. 

public address (PA) system: A specialized industrial 
strength amplifier designed primarily for speech, high 
power, and long, hard use. 

pull-down resistor: A resistor that has one side connected 
to ground at all times and the other side connected to 
the unused gate(s). 

pull-up resistor: А resistor that has one side connected 
to the power supply at all times and the other side con- 
nected to the unused gate(s). 

pull-up torque (PUT): The torque required to bring a 
load up to its rated speed. 

pushbutton: A switch that makes (NO) or breaks (NC) a 
circuit when manually pressed. 


R 


radicand: The number that appears under the radical sign. 


rapid-start circuit: A fluorescent lamp-starting circuit 
that has separate windings to provide continuous heat- 
ing voltage on the lamp cathodes. 


rarefaction: An area of reduced pressure in a sound wave 
produced when a vibrating object moves inward. 


ratio: The relationship between two quantities or terms. 


reactor ballast: A ballast that connects a coil (reactor) in 
series with the power line leading to the lamp. 


real number: Any number associated with a point on a line. 


receiver: A tuner and amplifier contained in the same 
enclosure. 


receptacle (outlet): A device used to connect equipment 
with a cord and plug to an electrical system. 


record: A vinyl disk that contains small grooves which 
contain recorded music. 


record head: An electromagnet that converts electrical 
vibrations into magnetic vibrations. 


rectangle: A four-sided figure with opposite sides equal 
and four 90? angles. 


rectification: The process of changing AC into DC. 
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rectifier: A device that converts AC voltage to DC volt- 
age by allowing the voltage and current to move in 
only one direction. 


reducing fractions: The process of changing a fraction 
from one fractional form to another. 

relation: The amount, larger or smaller that one term is 
in comparison with another term. 


relay: A device that controls one electrical circuit by open- 
ing and closing contacts in another circuit. 


resistance (R): 1. The opposition to the flow of electrons. 2. 
Any force that tends to hinder the movement of an object. 
resistive circuit: A circuit that contains only resistive com- 
ponents such as heating elements and incandescent lamps. 


resistivity: The resistance of a conductor having a spe- 
cific length and cross-sectional area. 


resistor: A device that limits the current flowing in an 
electronic circuit. 


reverse-bias voltage: The application of the opposite 
polarity to a diode. 

reversible fluid power motor: A fluid power motor that 
can drive a load in two directions. 


rim drive: Ап inexpensive drive system in which a mo- 
tor drives an idler wheel. 


ring conductor: the second wire in a pair of wires. 


ripcord: a cord included in a cable that aids in removing 
the outer jacket. 

root: The number which must be multiplied by itself a 
given number of times to obtain the original number. 

root-mean-square (effective) value (Vrms): 1. The value 
that produces the same amount of heat in a pure resis- 
tive circuit as a DC of the same value. 2. A mathemati- 
cal expression equal to .707 times the peak value of a 
waveform. 


rosin-core solder: Electrical solder that contains a rosin core. 


rotary actuator (fluid power oscillator): An actuator that 
moves back and forth over a fixed arc that 1s less than 
one complete revolution. 


rotor: The rotating part of an AC motor. 


rounding: The process of obtaining a number to a re- 
quired degree of accuracy. 

rubber insulating matting: A floor covering that pro- 
vides technicians protection from electrical shock when 
working on live electrical circuits. 


S 


safety glasses: An eye protection device with special 
impact-resistant glass or plastic lenses, reinforced 
frames, and side shields. 


saturation region: The maximum current that can flow 
in the transistor circuit. 


scope: А device that gives a visual display of voltages. 

scopemeter: A combination oscilloscope and digital 
multimeter. 

secondary division: A division that divides primary di- 
visions in halves, thirds, fourths, fifths, etc. 

selector switch: A switch with an operator that is rotated 
(instead of pushed) to activate the electrical contacts. 


self-air cooled transformer: A transformer that dissipates 
heat through the air surrounding the transformer. 


semiconductor: An electronic device that has electrical 
conductivity between that of a conductor (high con- 
ductivity) and that of an insulator (low conductivity). 


separate component system: Ап audio system that con- 
tains individual, stand-alone components that are in- 
terconnected to allow the playing of the various audio 
formats. 

sequence valve: A valve that directs fluid from one part 
of a circuit to another part only after the pressure has 
reached a set value. 

series connection: A connection that has two or more 
components connected so there is only one path for 
current flow. 

series/parallel connection: A combination of series- and 
parallel-connected components. 

shelf system: A complete audio system that is designed to 
play the various audio formats in a minimum of space. 

short circuit: Overcurrent that leaves the normal 
current-carrying path by going around the load and 
back to the power source or ground. 


signal level: The amplitude or strength of an audio signal. 


signal source: An audio device that provides a signal to 
another audio device. 


silicon controlled rectifier (SCR): A three-terminal semi- 
conductor thyristor that is normally an open circuit 
until a signal applied to the gate switches it to the con- 
ducting state in one direction. 


sine wave: A symmetrical waveform that contains 360°, 


single-acting cylinder: A cylinder that requires pressur- 
ized fluid in only one port, such as a spring-return 
cylinder, spring advance cylinder, or cylinder in which 
the weight of the load is used to move the cylinder in 
one direction only. 


single-function meter: A meter capable of measuring and 
displaying only one quantity. 

single-function switch: A switch that performs only one 
switching function such as START or STOP. 


single-voltage motor: A motor that operates at only one 
voltage level. 


slip: The difference between the synchronous speed and 
actual speed of a motor. 


solder: An alloy of tin (Sn) and lead (Pb). 


soldered connection: A connection that joins conduc- 
tors by heat to make a strong electrical and mechani- 
cal connection. 


soldering: The process of joining metals by heat to make 
a strong electrical and mechanical connection. 


solderless connection: connection that joins conductors 
without using heat to make a strong electrical and 
mechanical connection. 


solenoid: A device that converts electrical energy into a 
linear, mechanical force. 


solid: A state of matter that has a definite volume and shape. 


solid-state control: A device that uses electronic compo- 
nents such as transistors, SCRs, and triacs to switch 
and control the flow of current in a circuit. 


solid-state relay: A relay that uses electronic switching 
devices in place of mechanical contacts. 


sound: Energy that consists of pressure vibrations in the air. 


sound intensity (volume): A measure of the amount of 
energy flowing in a sound wave. 


speaker: An electric device that converts electrical sig- 
nals into sound waves. 


speaker impedance: The load value (in W) that the 
speaker presents to an amplifier or receiver. 


speaker noise: A raspy sound caused by a damaged com- 
ponent, such as a torn cone. 


speed: The rate at which an object is moving. 


split-phase motor: А 16, AC motor that includes a run- 
ning winding (main winding) and a starting winding 
(auxiliary winding). 

split- wired receptacle: A standard receptacle that has the 
tap between the two brass-colored (hot) terminal 
screws removed. 


spotlight: A lamp that casts intensive light in a local- 
ized area. 


spring actuator: An actuator that automatically returns a 
valve to a set position. 


square: A four-sided figure with all sides equal and four 
90? angles. 

square foot: A measurement which contains 144 sq in. 
(12" x 12" = 144 sq in.). 

square inch: А measurement of 1" x 1^. 


square root: А number which, when multiplied by itself, 
gives the original number. 


standard: An accepted reference or practice. 
starting torque: The torque required to start a motor. 
static electricity: An electrical charge at rest. 
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stator: The stationary part of an AC motor. 


step-down transformer: A transformer in which the sec- 
ondary coil has less turns of wire than the primary coil. 

step-up transformer: A transformer in which the second- 
ary coil has more turns of wire than the primary coil. 

stereo system: An audio system that uses two independent 
channels that are routed to a pair of speakers situated 
to the right and left of the listener. 

strobe tachometer: A device that uses a flashing light to 
measure the speed of a moving object. 

subdivision: A division that divides secondary divisions 
in halves, thirds, fourths, fifths, etc. 

substation: An assemblage of equipment installed for switch- 
ing, changing, or regulating the voltage of electricity. 

sulfidation: The formation of film on the contact surface. 

superscript: A small number above and to the right of 
the base. 

surge protector: An electrical device that continuously 
monitors incoming power and automatically clamps 
any excess voltage that could cause damage. 

surge suppressor: A protection device that limits volt- 
age surges which may be present on power lines. 

surround sound: An effect that provides a feeling of left/ 
right and front/back sound movement as well as re- 
verberated and reflected sound similar to a concert hall. 

sweep: The movement of the displayed trace across the 
Scope screen. 

switch: A device that is used to start, stop, or redirect the 
flow of current in an electrical circuit. 

symbol: A graphic element that represents a quantity or 
a unit. 

synchronous speed: The theoretical speed of a motor based 
on the motor's number of poles and the line frequency. 

system: A combination of components interconnected to 
perform work or meet a specific need. 


T 


tagout: The process of placing a danger tag on the source 
of electrical power which indicates that equipment may 
not be operated until the danger tag is removed. 

tape deck (tape player): A device that converts electri- 
cal signals to magnetic impulses and transfers these 
impulses onto tape. 

tapped core coil: A coil with taps for selecting different 
magnetic field strengths. 

tapped resistor: A resistor that contains fixed tap points 
of different resistances. 
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tap splice: A splice that connects two wires together when 
one wire is to remain unbroken. 

temperature: The measurement of the intensity of heat. 

temperature switch: A switch that responds to tempera- 
ture changes. 

temporary magnets: Magnets that lose their magnetism 
as soon as the magnetizing force is removed. 

thermal conductivity: The property of a material to con- 
duct heat in the form of thermal energy. 

thermal overload switch: A switch that operates its con- 
tacts when a preset temperature is reached. 

thermistor: A device that changes resistance with a 
change in temperature. 

thermocouple: A device that produces electricity when 
two different metals (such as iron and constantan) that 
are joined together are heated. 

3-way switch: A single-pole, double-throw (SPDT) switch. 

three-wire control: An input control for an electric motor 
drive requiring three conductors to complete a circuit. 

throw: The number of closed contact positions per pole. 

thyristor: A solid-state switching device that switches 
current ON by a quick pulse of control current. 

time delay fuse (TDF): A fuse that may detect and re- 
move a short circuit almost instantly, but allow small 
overloads to exist for a short period of time. 

timer: A control device that uses a preset time period as 
part of the control function. 

timing diagram: A diagram that shows graphically how the 
output of a circuit changes in response to input changes. 

tinning: The process of applying solder to a clean solder- 
ing iron tip to prevent corrosion on the tip. 

tone arm: The turntable device that holds the cartridge. 

torque: The force that causes an object to rotate. 

trace: 1. A reference point/line that is visually displayed 
on the face of the scope screen. 2. Conducting paths 
used to connect components on a PC board. 

transformer: An electric device that uses electromagne- 
tism to change voltage from one level to another or to 
isolate one voltage from another. 

transformer tap: A connecting point that is provided 
along the transformer coil. 

transient response: The time delay from when a speaker 
cone moves from rest to when it responds to a sharp 
electrical pulse. 

transient voltage: A temporary, unwanted voltage in an 
electrical circuit. 

transistor: A three-terminal device that controls current 
through the device depending on the amount of volt- 
age applied to the base. 


transistor-transistor logic (TTL) ICs: A broad family 
of ICs that employ a two-transistor arrangement. 

transverse noise: Noise produced between the hot and 
neutral lines. 

triac: A three-terminal semiconductor thyristor that is trig- 
gered into conduction in either direction by a small 
current to its gate. 

triangle: A three-sided figure with three interior angles. 

true power (P,): The actual power used in an electrical 
circuit expressed in watts (W). 

truth table: A table used to describe the output condition 
of a logic gate or combination of gates for every pos- 
sible input condition. 

tuner: An electric device designed to receive radio broad- 
cast signals and convert them into electrical signals 
that can be amplified. 

tungsten-halogen lamp: An incandescent lamp filled with 
a halogen gas (iodine or bromine). 

tunnel diode: A diode designed so that the current flowing 
through the diode decreases with an increase in applied 
voltage for a specified range of forward voltage. 

turntable: A record player without an amplifier. 

turntable drive: The mechanism that makes the platter spin. 

tweeter: A small speaker that is designed to reproduce 
high frequencies between 4 kHz to 22 kHz. 

twisted conductors: Conductors that are intertwined at a 
constant rate. 

2-way switch: A single-pole, single-throw (SPST) switch. 

two-winding constant-wattage ballast: A ballast that 
uses a transformer which provides isolation between 
the primary and secondary circuits. 

two-wire control: An input control for an electric motor 
drive requiring two conductors to complete a circuit. 


U 


Underwriters Laboratories Inc. (UL®): An independent 
organization that tests equipment and products to see 
if they conform to national codes and standards. 

ungrounded conductor: A current-carrying conductor 
that is connected to loads through fuses, circuit break- 
ers, and switches. 

unijunction transistor (UJT): A transistor consisting of 
N-type material with a region of P-type material doped 
within the N-type material. 


V 


valence electrons: Electrons in the outermost shell of 
an atom. 


valence shell: The outer most shell of an atom, which 
contains the electrons that form new compounds. 

variable capacitor: A capacitor that varies in capaci- 
tance value. 

variable displacement fluid power motor: A fluid power 
motor that drives a load in one direction and provides 
a variable output. 

variable displacement pump: A pump in which the 
amount of flow is manually adjusted or automatically 
adjusted without changing the pump speed. 

variable frequency drive (VFD): A solid-state program- 
mable control module used to control an AC motor. 

variable resistor: A resistor with a set range of values, 
such as 0 W to 1000 W. 

visible light: The portion of the electromagnetic spec- 
trum to which the human eye responds. 

voltage (E): The amount of electrical pressure in a circuit. 

voltage dip: A momentary low voltage. 

voltage spike: An increase in voltage (normally several 
thousand volts) that lasts for a very short time (micro- 
seconds to milliseconds). 

voltage stabilizer (regulator): A device that provides 
precise voltage regulation to protect equipment from 
voltage dips and voltage surges. 

voltage surge: А higher-than-normal voltage that tem- 
porarily exists on one or more power line. 

voltage variance: The difference in voltage between a 
voltage surge and a voltage dip. 


watt (W): A unit of measure equal to the power produced 
by a current of 1 A across a potential difference of 1 V. 


wattage: The number of watts a device uses to operate. 
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wavelength: The distance covered by one complete cycle 
of a given frequency sound as it passes through the air. 


way: A flow path through a valve. 


Western Union splice: A splice that connects two wires 
that may be placed under a lot of mechanical strain. 


whole numbers (integers): Numbers that have no frac- 
tional or decimal parts. 


wire: Any individual conductor. 


wire markers: Preprinted peel-off markers designed to 
adhere when wrapped around a conductor. 


wire nut: A solderless plastic connector that uses a ta- 
pered metal coil spring to twist wires together. 


wire stripper: A tool that is designed to properly re- 
move insulation from small gauge (normally AWG 
sizes 10—22) wires. 

woofer: A large speaker that is designed to reproduce 
low-frequency sounds. 

work (W): Applying a force over a distance. 


wrap-around bar graph: A bar graph that displays a frac- 
tion of the full range on the graph. 


wye configuration: A transformer connection that has 
one end of each transformer coil connected together. 


X 


XOR (exclusive OR) gate: A logic gate designed to pro- 
vide logic level 1 only if one, but not both of the in- 
puts are at logic level 1. 


zener diode: A diode designed to operate in a 
reverse-biased mode without being damaged. 
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А 


abbreviations, 90, 123 
electrical/electronic, 724 
fluid power, 124 , 4 С 
instrument line, /44 
prints, 723 

accumulator, 143 

acronyms, 123 

actuator, 142, 387 

AC 
and DC drives, 374 
circuit inductive reactance, 262—265 
circuit magnetic field, 275 
circuit operation, 259 
drive sections, 375 
line filter, 427 
sine waves, 403 
voltage measurement, 702 

adjustable core coil, 135 

aerial cable, 153 

air compressor (pump), 399 

air core coil, 135 

air-core inductor, 194 

air muffler, 143 

air resistance (aerodynamics), 54 

alarms, 138 

alternating current motor, 137-138 

amber, 1 

ambient temperature, 43 

American National Standards Institute 

(ANSI), 13-74 
ammeter 
clamp-on, 103 
in-line, 103 

amperage measurements, 103 

amplification, 437 

amplifier, 411, 437—439 
four classes, 438—439 
frequency response, 4/2 

amplitude, 406 

analog, 445 

analog display, 96 


vem ge 


reading, 96 
analog input, 279 
analog scales, 96 
reading, 96 
analog signal, 376 
AND gate, 449 
area, 47—48 
arc tube, 351 
arithmetic, 29 
armor-clad cable, /52 
atoms, 2—3, 429, 431 
copper, 5 
hydrogen, 5 
oxygen, 5 
audio signal, 424 
audio spectrum, 405 
audio system, 409—470 
device connections, 4/4 
maintenance, 424—426 
troubleshooting components, 426—427 
automobile lighting circuit, 778 
autotransformer, 136 
avalanche current, 433 
average power rating, 420 
average value, 407 


ballast, 355 
backbone cables, 153 
back protection, 18 
proper lifting, 78 
back-to-back bends, 150 
bandwidth, 156, 412 
bar graph, 97 
display, 98 
use, 98 
wrap-around, 97—98 
base, 35 
basic circuits, 277 
basic digital logic gates, 450 
battery 
in parallel circuits, 202 
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in series circuits, 194 
ratings, 293 
bayonet base, 344 
bel, 407 
belt drive, 416 
bench testing, 114 
binary coded decimal system, 69 
binary coded decimal-to-decimal 
conversion, 70 
binary numbering system, 66 
binary signal, 449 
binary terminology, 66 
binary-to-decimal conversion, 66—67 
bi-pin bases, 348 
bit, 66 
bobbin, 417 
bottoming, 420—421 
branch circuit voltage drop, 55—56 
break, 299 
breakdown torque, 236 
British thermal unit, 10 
Btu, 10, 83 
bus, 432 
busway, 371 
byte, 66 


C 


cable, 145 
armor-clad, 152 
CAT ratings, 156 
color code, 153—154 
fiber-optic, 156-158, 757 
low voltage, 153 
nonmetallic, 152 
calorie, 83 
Canadian Standards Association 
(CSA), 14 
capacitance, 267—268 
capacitive circuits, 82 
AC sine wave, 82 
capacitive reactance, 270-272, 271 
capacitor, 132—133, 192, 243 
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construction, 269 
electrolytic, 270 
in series circuits, 193 
mica, 269 
motors, 243 
reversing, 246 
operation, 193, 268 
paper, 269 
variable, 270 
capacitor-run motors, 245 
capacitor-start motors, 244 
capacitor start-and-run motors, 245—246 
cartridge, 415 
cascaded amplifiers, 438 
cathode, 347 
causes, 46—47 
cell 
in parallel circuits, 202 
in series circuits, 194 
centrifugal switches, 247 
ceramic capacitors, 72, 269 
color codes, 72 
check valve, 143, 398 
chemical elements, 5 
chemical power source, 291—293 
circle, 47 
circuit breaker (CB), 125—126, 170-171 
circuit component ratings, 279 
circuit conditions 
troubleshooting using Ohm's law, 179 
circuit control, 361 
circuit current 
applying power formula to 
determine, /83 
measurement, 103 
circuits 
commercial, 327 
electrical, 311 
industrial, 359 
residential, 311 
two separate, 325 
circumference, 47 
cladding, 157 
clamp-on ammeter, 103 
AC measurement, 705 
class, 24 
clock radio, 409 
CMOS family, 457 
coal, 10 
code, 13-14 
coefficient, 38 
coffee maker application, 797—192 
coil inductance factors, 260 
coil magnetic fields, 259 
colls, 135-136 
primary, 217 


secondary, 217 
cold resistance, 257—256 
cold solder joint, 159 
color codes 
cable, 753—154 
capacitor, 71—72 
ceramic, 72 
mica, 72 
conductor identification, 337—338 
resistor, 71 
color rendering, 353 
combination logic, 453 
commercial circuits, 327 
commercial lighting systems, 339—343 
common control circuits, 376 
communication cable, 153 
category (CAT) ratings, /56 
numbering system, 154 
compact disc (CD) player, 416—417 
compact fluorescent lamps, 349 
complementary metal-oxide semicon- 
ductor (CMOS), 121 
complex circuits, 278—279 
compound, 7-8 
compound proportion, 46 
unknown terms, 47 
compression, 403 
computer-controlled circuits, 304 
conductivity, 108 
measurement, /08 
conductor, 1, 82, 83, 145—146, 309 
atom, 4 
color coding, 337 
identification, 337, 339 
grounding, 338 
materials, 145 
neutral, 338 
copper ratings, 748 
resistance, 56 
sizes, 145, 147 
ungrounded, 338 
wire marking, 339 
conduit, 148—149 
bending, 149—750 
constants, 49 
constant-wattage autotransformer 
ballast, 355 
contactors, 130, 302 
application, 302 
contacts, /27 
contact tachometer, 111 
contact thermometer, /09 
continuous quantities, 29 
control circuit transformer, 136 
control switch, 127—128 
conventional current flow, 9 


converter, 373 
converting fractions to decimals, 33 
converting decimals to fractions, 34 
conveyor system, 380 
pushbutton sequence control, 380 
copper atom, 4, 5 
copper-clad aluminum, 6—7, 145 
copper conductor ratings, 55 
cover gloves, 17 
concert theater sound system, 410 
constant-wattage autotransformer 
ballast, 355 
control circuit transformer, 136 
control valve, 142-143, 742 
conversion, 43 
conversion table, 42 
crimped connection, 163 
cube root, 38 
current, 103 
calculating using Ohm's law, 174 
calculating using power formula, 781 
resistance relationship, 776—177 
voltage relationship, 7/75 
current transformer, 136 
cutoff region, 437 
cycle, 404 
cylinder, 140, 387 
area, 389 


D 


danger tag, 21 
DC 
circuit inductive reactance, 265 
circuit operation, 259 
compound motor, 137, 253 
motors, 251 
reversing, 253 
permanent-magnet motor, 137, 
253-254 
series motor, 137, 251—252 
shunt motor, 137, 252 
voltage measurement, 102—703 
data interface module, 304 
decibel (dB), 17 
decimal, 32—33, 65 
base numbers, 37 
binary coded system, 69 
converting to fractions, 34 
notation, 38 
number expression, 66 
numbering system, 65 
decimal fraction, 32 
decimal numbers, 33 
decimal point, 33 
decimal-to-binary conversion, 67 
decimal-to-hexadecimal conversion, 69 


decimal-to-octal conversion, 68 
delta configuration, 227 
denominator, 30—31 
lowest common, 37 
detent actuator, 142 
diac, 134, 442—443 
characteristic curve, 443 
diameter, 47 
differential inputs, 458—459 
digital, 445 
digital circuit interfaces, 457 
digital display, 97 
digital IC, 446 
applications, 446 
digital input, 279 
digital output, 445 
digital logic gate, 735 
digital logic probes, /20 
use, 721 
dimmers, 314—315 
dimmer switch, 314 
direct drive, 416 
directional control valves, 140—142, 
141, 391 | 
direct proportion, 45 
diode, 132-133, 433 
characteristics, 433 
zener, 434—435 
disconnect switch, 125—726 
discrete, 415 
dispersion, 418 
distortion, 420 
distribution systems, 328 
dividing two fractions, 32 
division, 24 
of powers, 38 
documentation forms, 28 
doping, 430 
double offset bends, 150—757 
drive motors, 384 
dual-function switch, 374 
dual lamp control, 322 
dual-voltage motor, 247 
dual-voltage, 36, delta-connected 
motors, 250 
dual-voltage, 3, motors, 247, 249 
dual-voltage, 36, wye-connected 
motors, 249 
duplex receptacle, 321 
dynamic microphone, 422 


E 


earmuff, 17 

earplug, 17 

ear protection, 17 
eddy-current loss, 218—219 


edge card, 432 
connector, 432 
effects, 46—47 
electret condenser microphone, 422 
electric conduit benders, 151 
electric discharge lamp, 353 
electric heater 
circuit, /79 
output, 53 
electric motors, 233 
electric motor drives, 373 
motor speed control, 377 
electric motor safety, 26 
electrical 
circuit characteristics, 256 
circuit comparison, 360 
circuits, 311 
device safeguards, 427—428 
enclosure, 23—24 
gloves, 17—18 
levels of system protection, 171—172 
safety, 24, 26 
resistance, 132 
shock, 19—20 
electricity, 1 
production, 10 
electrodynamic speaker, 417 
electromagnetic interference (EMI), 
1503172 
electromagnetic spectrum, 86 
electromagnetism, 214 
principles, 274 
electromechanical relay, 7, 129, 299—300 
advantages, 301 
limitations, 301 
electron, 2—3, 429 
electron current flow, 9 
electron flow, 9 
electronic protection monitors, 306 
electronic switching, 443—444 
electrostatic air filter, 2 
electrostatic spray-painting, 2 
elements, 5—6 
chemical, 5 
solid, 6 
energy-efficient motor savings, 59 
energy usage, 54 
enclosures, 24 
envelope, 142 
environments 
cool, 349 
moderate, 349—350 
warm, 350 
English system, 39—40 
erase head, 413-415 
even number, 29 
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exponent, 35 

negative, 36 
exponential notation, 38 
extremes, 44—45 
eye protection, /6 


F 


face shield, /6 
fan-out, 456 
ferrite, 262 
ferrite-core inductor, 194 
ferromagnetic materials, 213 
fiber optics, 156-158, 157 
filament, 343 
filter, 140 
filter regulator/lubricator, 407 
filter with drain, 140 
fire extinguisher classes, 14—15 
fixed capacitor, 268 
fixed displacement fluid power motor, 
140 
fixed displacement pump, 139 
fixed resistor, 132 
fixture splice, 162 
floating input, 454 
floodlight, 345 
flow control valve, 142, 398, 399 
flow switch, 129 
fluid, 383 
fluid actuators, /40 
fluid conditioner, 140, 399—401 
fluid power, 383 abbr 
CITGUIT 27 
components, /43 
oscillator, 140 
motor, 390—391 
fluid pumps and conditioners, 139—140 
fluorescent lamp circuits, 267 
fluorescent lamps, 347—349 
bases, 348 
compact, 349 
sizing, 348 
foot actuator, 142 
foot protection, 17—18 
foot switch, 129 
four-way switches, 313—374 
force, 233 
force transmission, 383 
forced-air cooled transformers, 222 
formula 
air resistance, 54 
capacitance of three capacitors, 193 
current 
using Ohm's law, 173-174 
using power formula, 181 
electric heater output, 53 


498 ELECTRICAL PRINCIPLES AND PRACTICES 


Fahrenheit to Celsius, 85 
feet per minute to operations per 
second, 57 
motor operation at 50 Hz, 61 
pulley diameter, 58 
required heater size, 53 
required horsepower, 58—59 
resistance, calculating using Ohm's 
law, 174 
resistance of a conductor, 56 
series circuits, 187—194 
voltage gain in an inverting op-amp, 
459—460 
work, 233-234 
total capacitance, 193 
total current, 790 
total inductance, 194 
total resistance, 187 
total voltage, /89 
sizing fans and blowers, 60—61 
voltage, calculating using Ohm's 
law, 173-174 
volts per hertz (V/Hz) ratio, 56 
watts to Btu, 84 
forward-bias voltage, 433 
forward breakover voltage, 439 
fossil fuel, 10 
four-way valves, 397—398 
application, 398 
fractional base numbers, 36—37 
fractions, 30 
adding, 30—31 
dividing, 32—33 
multiplying, 32 
reducing, 30 
subtracting, 31 
frequency (f), 404 
spectrum, 405 
full-load torque, 236 
full-range speaker, 418 
fuse, 168, 170 
G 
gain, 437 
gas, | 
general wiring, 138 
generator electricity production, 293 
GFCI (ground-fault circuit inter- 
rupter), 324 
ghost voltage, 98—99 
goggles, /6 
graph, 43 
fuse, 43 
Gray code, 70-71 
four-bit, 70 
ground fault, 324 


grounding, 20-21, 326 
conductor, 338 
outdoor antenna, 428 


H 


hand-held DMM characteristics, 7/00 
hand protection, 17—/8 
hard-wiring, 365 
harmonic distortion, 420 
hazardous locations, 24—25 
head protection, 15-16 
heat, 83—84 
conduction, 84 
conversion, 84 
power sources, 294—295 
units of, 83 
heater circuit operation, 371—372 
heating air required power, 51 
heating element, 371—372 
heating element control, 336 
heating water required power, 52 
heat sink, 84—85 
hertz, 404 
hexadecimal numbering system, 68 
hexadecimal-to-decimal conversion, 69 
hickey, 316 
HID floodlight lamp pole placement, 
357—358 
HID lamps, 352—353 
high-intensity discharge (HID) lamp, 351 
high-power load, 297 
high-pressure sodium ballasts, 357 
high-pressure sodium lamps, 353, 357 
high-reactance autotransformer 
ballast, 355 
holding current, 440 
holes, 431 
horizontal control, 115 
horsepower, 237—239, 238 
hot resistance, 257—258 
hydraulic pumps, 385—386 
hydraulics, 383 
hydraulic systems, 383-384 
force transmission, 385 
hydrogen atom, 5 
hysteresis loss, 218 


IC packages, 446—447 

impedance, 63, 274—276, 275, 412-413 
Ohm's law and, 184 

improper fraction, 30 

improper phase sequence, 306 

incandescent lamp characteristics, 284 

incandescent lamps, 343—344 


bases, 344 
bulb ratings, 343 
bulb shapes, 344—345 
index, 38 
index pin, 436 
individual three lamp control, 322 
inductance, 258—259 
induction motor, 246 
inductive reactance, 262—265 
inductors, 261—265 
industrial applications, 361—364 
industrial circuits, 359—360 
infrared meter, 709 
initial lumens, 281 
in-line ammeter, 103 
DC measurement, /04 
input/output network, 279—280 
instant-start circuit, 350—357 
instrument level, 424 
instrument line symbols and abbrevia- 
tions, 144 
Instrument Society of America (ISA), 
144 
insulation removal 
using wire strippers, 158 
using knives, 158-/59 
insulator, 1, 4, 82, 83 
integrated circuits, 446 
intensity, 115 
interface, 297 
application, 298 
complex circuit, 305 
connections, 297 
digital circuit, 457 
inverse proportion, 45—46 
inverter, 373 
addition, 455 
invisible light, 86 
iron core coil, 135 
iron core conductor, 194 
isolated ground receptacles, 323-324 


J 


jogging, 380 
junction field-effect transistor (JFET), 135 


K 


knee pads, 18-19 
knuckle thread, 344 


[Ё 


lamp control, 311, 3/4 
circuits, 316—317 
dual, 322 
one location, 3/7 


three individual, 320, 322 
two location, 317—3/8 
power connections, 379 
more than two location, 318, 320 

lamp fixture mounting, 3/6 
lateral service, 227 
law of charges, 8-9 
level switch, 129 
lever actuator, 142 
lifting, 18 
light, 86 

brightness/contrast, 343 

pilot, 138 
lighting circuit switch, 312 
lighting systems, commercial, 339—343 
lights, alarms, and meters, /38 
limit switch, 129 
line (ladder) diagram, 364 

rules, 365 
line level, 424 
line and wiring diagrams, 365 
linear force, 214—215 
linear IC, 446 ^ 

applications, 446 
linear scale, 96 
line frequency, 239 
line matching transformer, 423 
line number references, 366 
liquid, 1, 383 
liquid-immersed/forced-air cooled 

transformers, 222 
liquid-immersed/self-air cooled 
transformers, 222 

load, 255, 281, 412 
load power ratings, 297 
load power requirements, 279—282 
local area network, 156 
locked rotor torque, 236 
lockout devices, 22-23 
lockout/tagout, 27—22 

kit, 22-23 
logic families, 457 
logic gates, 448-449, 450 

tying together, 456 
low-power control circuits, 296 
low-power load, 296 
low-pressure sodium lamps, 353—354 
lowest common denominator, 31 
low voltage cable, 153 
lubricator, 140 

with drain, 140 
luminaire temperature, 349 


M 


magnet, 213 
permanent, 213 


temporary, 213 
magnetic field strength, 260—261 
magnetic flux, 213 
magnetic power sources, 293—294 
magnetism, 213 
principles, 273 
manual shutoff, 143 
manually-operated controls, 115 
manufacturer's terminal numbers, 369 
mathematics, 29 
math symbols, 50 
matter, 1 
mean lumen, 281 
means, 44—45 
measurement, 39 
measurements 
AC voltage, 102 
clamp-on ammeter, 105 
amperage, 103 
circuit current, 103 
conductivity, 708 
DC voltage, 102 
in-line ammeter, 704 
resistance, 106 
megohmmeter, /07 
ohmmeter, 106 
scope, 119 
AC voltage, 116-117 
DC voltage, 119-/20 
frequency, 118-119 
speed, 111 
contact tachometer, / 11 
photo tachometer, 111—772 
strobe tachometer, / 72 
taking standard, 101 
temperature, 109 
contact thermometer, 709—110 
infrared meter, 709—110 
voltage, 101 
mechanical conduit benders, 151 
megohmmeter, 106 
resistance measurement, 707 
memory, 375 
mercury-vapor ballasts, 356 
mercury-vapor lamps, 353, 355 
metal halide, 355 
metal-halide ballasts, 357 
metal-halide lamps, 355—356 
meter abbreviations. 90—97 
meter characteristics, 99—700 
meter precautions, 99 
meter symbols, 97 
meters, 138 
meter terminology, 92—95 
meter types, 89 
measurable quantities, 89—90 
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metric prefixes, 39, 41 
metric system, 39, 47 
mica capacitors, 71, 269 
color codes, 72 
microphone, 422—423 
frequency response, 423 
midrange, 418 
mil, 309 
mixed decimal number, 33 
molecule, 7 
monitoring loads, 309 
monitoring main power lines, 309 
monitoring systems, 306 
motion sensor, 3/5 
motor circuit operation, 369-371, 370 
motor circuits, 385 
motor efficiency, 386—387 
motor frequency variations, 62 
motor guard, 26, 27 
motor horsepower, 238 
motor operation at 50 Hz, 61 
motor pulley size, 58 
ratings, 386 
motors, 136 
direction of rotation, 381 
dual-voltage, 247 
single-voltage, 247 
motor speed, 239 
motor starters, 130-737, 303 
application, 303 
motor torque, 235 
classification, 237 
motor voltage variation, 283 
moving object activating speed, 57 
multimeter, 89 
multiple lamp circuits, 320—327 
multiplying two fractions, 32 
mutual inductance, 216 


NAND gate, 452—453 

National Electrical Code (NEC), 13, 
233 

Branch Circuit Voltage Limits, 327 

National Electrical Manufacturers 
Association (NEMA), 13-14 

National Fire Protection Association 
(NFPA), 13-14 

natural gas, 10 

NEC? conduit bending requirements, 
151-152 

negative base numbers, 36 

negative charge, 3 

negative exponents, 39 

negative resistance characteristic, 
442—443 
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neon lights, 6 
network, 279 
neutral conductor, 338 
neutron, 2—3, 429 
nibble, 66 
noise reduction rating (NRR), 17 
nonlinear scale, 96 
nonmetallic cable, 752 
non-positive displacement pump, 139 
non-time delay fuse (NTDF), 170 
NOR gate, 451—452 
normally closed (NC) valve, 393 
normally open (NO) valve, 393 
NOT gate, 135, 451, 452 
NPN transistor, 134, 435 
NTC thermistor, 132 
N-type material, 430 
nuclear fission, 10 
nucleus, 429 
numbering system 
binary, 66 
decimal, 65 
hexadecimal, 68 
octal, 67 
numerator, 30 
numerical cross-reference system, 
366—368, 367 


O 


Occupational Safety and Health 
Administration (OSHA), 13 
lockout/tagout procedure, 22 
safety color codes, /4 
octal numbering system, 67 
octal-to-decimal conversion, 68 
odd number, 29 
Ohm, George Simon, 173 
ohmmeter, 106 
Ohm's law, 173 
applications, 177 
basic formulas, /83 
calculating current, 774 
calculating resistance, 174 
calculating voltage, 173 
designing circuits, 177 
impedance, 184 
power formula, 783 
troubleshooting, 179 
OFF-delay timer, 130 
offset bends, 150 
ON-delay timer, 130 
op-amp, 457—458 
applications, 460 
gain, 459—460 
OR gate, 135, 449 
oscilloscope, 114 


output, 279 
overcurrent, 166 
overcurrent protection device 
(OCPD), 125-126, 168—169 
overhead service, 227 
overload, 167 
relays, 171 
overloaded system, 28 
over/under voltage power monitors, 308 
oxygen atom, 5 


Р 


pads, 432 
palm button actuator, 142 
paper capacitors, 269 
parallel capacitive reactance, 273-274 
parallel circuits, 195—202 
current, 198 
inductors in, 202 
polarity, 796 
power in, 199 
resistance in, 196—197 
total power, 200 
total resistance, 197 
total voltage, 198 
voltage, 197—198 
waffle iron application, 200 
parallel connection, 63, 795 
parallel inductive reactance, 266—267 
two coils, 266 
three coils, 267 
parallel switch connection, 196 
patch cord, 422 
patch cord connections, 154—156, 755 
PC board, 432 
peak inverse voltage (PIV), 433 
peak load, 221 
peak power rating, 420 
peak-to-peak value, 406—407 
peak value, 406 
percentages, 34—35 
period (T), 405 
personal protective equipment, 75 
pH, 112 
scale, 113 
phase, 408—409 
phase angle error, 307 
phase arrangement and high phase 
marking, 330 
phase loss, 307 
phase loss/phase sequence power 
monitors, 3/0 
phase unbalance, 307 
photoconductive diode, 133 
photoelectric switch, 57 
photo tachometer, 111 


phototransistor, 135 
photovoltaic cell (solarcell), 295 
pigtail splice, 162 
pilot actuator, 142 
pilot light, 138 
pitch, 406 
plant information network, 279—280 
platter, 415 
playback head, 413 
plugs, 163 
appliance (heater) plug, 765 
heavy-duty, 7/66 
ratings and configurations, 166 
standard grounded, 164—165 
standard ungrounded, 163—/64 
pneumatic circuits, 401—402 
pneumatics, 399—400 
PNP transistor, 134, 435 
polarity, 186 
polarized plug, 164 
pole, 299 
portable audio system, 409 
position, 391—392 
valve, 392 
positive base numbers, 36 
positive charge, 3 
positive-displacement pump, 139, 385 
potential energy, 70 
power 
current relationship, 182 
factor, 82 
formula, 180 
applications using, 183 
calculating power using, 180 
combining with Ohm's law, 783 
voltage and current relationship, 180 
power of a power, 37 
powers, 35—36, 55 
multiplication of, 37 
of ten, 38 
powers and roots tables, 39 
power source, 124—125, 126, 288- 
ZO. 290 
requirements, 282—284 
power supply inputs, 458 
preamplifier, 411 
prefixes, 42 
preheat circuits, 350 
pressure connections, 162—163 
pressure gauge, 143 
pressure reducing valve, 143 
pressure relief valve, 26-27, 143, 387, 
389 
pressure switch, 129 
pilot light, 378—379 
primary coil, 217 


primary division, 96 

prime number, 29 

programmable controller, 361 

problem solving, 51 

produced electricity, 1 

production control network, 279—280 

proper decimal number, 33 

proper fraction, 30 

proportion, 44 

applying, 46 

protection requirements, 305 

protective helmet, 15-76 

proton, 2—3, 429 

proximity switch, 57, 129 

PTC thermistor, 132 

P-type material, 431 

public address (PA) system, 411 

pull-up and pull-down resistors, 453— 
455, 456 

pull-up torque, 236 

pumps, fluid, 139—140 

pushbutton, 127 


R 


radicand, 38 
radio frequency interference (RFI), 
WST 
rapid-start circuit, 35 / 
rarefaction, 403 
ratio, 43—44 
reactor ballast, 355 
real number, 29 
receiver, 411 
receptacle (outlet), 321, 323, 339 
record, 415 
record head, 413 
rectification, 289 
reducing fractions, 30 
relation, 43—44 
relay, 129 
contact arrangements, 300 
resistance, 82, 106, 233-234 
and current flow, 82 
cold, 257—258 
current relationship, 776—177 
electrical, 132 
hot, 257-258 
parallel circuits, 196—197 
resistive circuits, 256 
resistivity, 257 
resistor color codes, 77 
resistors, 132 
reverse-bias voltage, 433 
reversible fluid power motor, 140 
reversing split-phase motors, 243 
reversing 3, wye- and delta-connected 


motors, 250-251 
rheostat voltage control, 278 
rim drive, 416 
ring conductor, 153 
ripcord, 154 
Romex, 152 
root, 38 
root-mean-square (rms) value, 407 
rosin-core solder, 159 
rotary actuators, 397 
rotor, 246 
rounding numbers, 34 
rubber insulating matting, 19 


S 


safety 
electrical, 24, 26 
electric motor, 26 
safety glasses, 16 
saturation region, 437 
semiconductor theory, 429 
series capacitive reactance, 273 
sequence valve, 143 
scope display, /14 
Scope measurement 
AC voltage, 116-118, 717 
DC voltage, 119-720 
frequency, 118—119 
scopemeter, 114 
scopes, / 13—114 
scope trace, 114 
secondary coil, 217 
secondary division, 96 
selector switch, 129 
jogging, 380—381 
self-air cooled transformers, 222 
semiconductor, 4 
semiconductor devices, 431—433 
separate component system, 410 


series capacitive reactance, 272-273 


series circuits, 185—194 
application, 191—192 
battery, 194 
capacitors in, 193 
cell, 194 
current in, 190—191 

total, 790 
polarity, 186 
power in, 190—191 
total, 79] 
resistance, 187 
total, 187 
switch connections, 787 
total voltage, 189 
voltage in, 788—189 
series connection, 63, 785—186 
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series inductive reactance, 266 
series/parallel circuits, 203—212 
batteries and solarcells in, 2/2 
capacitors in, 211 
current, 206—208 
inductors in, 211 
iron application, 209—210 
polarity, 204 
power in, 209 
resistance in, 205—206 
calculating, 207 
total, 205 
voltage in, 208-209 
total, 208 
series/parallel connection, 203—204 
switch, 204—205 
shelf system, 409 
shell, 3 
valence, 4 
short circuit, 166—/67, 169 
shrink-wrap application, 362—364 
circuits, 363 
signal levels, 424 
signal source, 412 
significant digits, 34 
silicon controlled rectifier (SCR), 133, 
439 
characteristic curve, 440 
operation, 439—440 
sine wave, 403 
amplitude, 407 
phase relationship, 409 
single-acting cylinder, 395 
single-function meter, 89 
single-function switch, 374 
single-phase full-load currents, 223 
single-phase transformer 
current draw, 225 
parallel connections, 237 
residential connections, 227 
electric power, 227 
sizing, 222-223 
single-voltage, 3 motor, 247-248 
sizing 
fans and blowers, 60—61 
single-phase transformers, 222—223 
three-phase transformers, 223—224 
soft starting and soft stopping, 429-430 
solar power sources, 295-296 
solarcell, 194 
connections, 296 
in series circuits, /94 
in parallel circuits, 202 
soldering, 159 
soldered connection, 159—760 
solderless connection, 159 
solenoids, 131-132, 214-215 
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applications, 215-216 
solid, 1 
solid-state controls, 429 
solid-state relay, 129, 299 
advantages, 301 
limitations, 301 
solid-state switching, 430 
sound, 403 
frequency, 405 
intensity (volume), 406 
levels, 408 
sound levels, /7 
sound wave characteristics, 408 
speaker, 417 
connections, 421—422 
impedance, 421 
noise, 420 
parallel-connected, 427 
speed, 111 
splices, 161—762 
split-phase motor, 240-241, 242 
components, 247 
dual-voltage, 241 
reversing, 243 
split-wired receptacles, 324 
connections, 326 
spotlight, 345 
spring actuator, 142 
square foot, 47 
square inch, 47 
square root, 38 
standard, 13-14 
standard receptacles, 321, 323 
starting and stopping 
forward and reverse with indicator 
lights, 381 
start/stop stations, 376—377 
common emergency stop, 377—378 
controlling two or more magnetic 
starters, 378 
pilot light indicating no device 
activation, 379—380 
static electricity, 1, 2 
stator, 246 
step-down transformer, 217, 303 
step-up transformer, 217 
stereo system, 410 
subdivision, 96 
substation, 327 
subtracting fractions, 31—32 
sulfidation, 6 
superscript, 35 
surge protectors, 64 
surge suppressor, 64, 172, 288 
surround sound, 410 
speaker placement, 477 


sweep, 114 

switched circuits, 325 

switches, 312 
centrifugal, 241 
control, 127-129, 128 
dimmer, 314—315 
electronic, 443—444 
four-way switches, 313 
ratings, 3/3 
series connections, 187 
thermal overload, 247 
three-way, 313 
two-way, 313 

switch functions, 375 

switching combinations, 320—321 

symbols, 6, 90, 124 
instrument line, /44 
schematic diagram, 125 

system, 278 


T 


tachometers, /// 
tagout, 27—22 
tape deck, 413-415, 474 
tapped core coil, 135 
tapped resistor, 132 
tap splice, 162 
temperature, 84, 109 
conversion, 85 
switch, 129 
terminal screw connections, 767 
The Society of Professional Audio 
Recording Studios (SPARS), 416 
thermal conductivity, 84 
thermal overload switch, 240—247 
thermistor, 132 
thermocouple, 295 
specifications, 295 
three-phase full-load currents, 224 
three-phase motor phases, 246 
three-phase motors, 246—247 
three-phase transformers, 223—225 
connections, 227 
delta-to-delta connections, 228 
parallel connections, 232 
wye-to-wye connections, 229 
three-way switches, 313-374 
three-way valves, 395—396 
application, 397 
normally closed, 396 
normally open, 396 
three-wire control, 374—375, 377 
thyristor, 133—134 
timbre, 406 
time delay fuse (TDF), 170-771 


time per division control, 115 
timer, 129-130 
timing diagram, 447-448, 449 
tinning, 160 
tip conductor, 153 
tone arm, 415 
torque, 234 
motor, 235 
total harmonic distortion (THD), 412 
trace, 114 
trace positioning, 715 
traces (foils), 432 
transformers, 736, 219—220 
compensation ratings, 226 
configurations, 228 
cooling methods, 227 
deratings, 226 
line matching, 423—424 
load balancing, 230 
load cycle, 227 
operation, 216-218, 217 
overloading, 227 
ratings, 218-219 
standard ambient temperature 
compensation, 226 
transformer taps, 230—237 
transient response, 420 
transient voltage, 171—172, 285—287 
transistors, 134, 435 
as DC switches, 437 
biasing junctions, 436 
current flow, 437 
terminals, 436 
transistor-transistor logic, 120 
triac, 134, 440 
characteristic curve, 441 
operation, 440-44] 
troubleshooting, 179 
audio components, 426—427 
truth table, 447-448, 450 
TTL (transistor-transistor logic), 457 
tuner, 411 
tungsten-halogen lamp, 346 
tunnel diode, 133 
turntable, 415-416 
drive, 416 
needles, 4/5 
tweeter, 418 
twisted conductors, 153 
two-way switches, 313-314 
two-way valves, 393-395 
application, 395 
normally closed, 394 
normally open, 394 
two-winding constant-wattage ballast, 355 
two-wire control, 374 


U 

ultraviolet region, 86 

Underwriters Laboratories Inc. (ТЛ 2), 

13-14 

unijunction transistor (UJT), 135, 442 
biasing, 442 
characteristic curve, 442 

ungrounded conductor, 338 

uranium 235, 10 


V 


valence electrons, 430 

valence shell, 4 

valve actuators, 392—393 

valve ways, 392 

variable (adjustable) resistor, 132 

variable capacitor, 268 

variable displacement fluid power 
motor, 140 

variable displacement pump, 139 

variable frequency drive (VFD), 361 

vertical control, 115 x 

vertical conveyor required horse- 
power, 58 

visible light, 86 

voltage, 101—102 

calculating using power formula, /81 


current and impedance relationship, 
184 
current relationship, 175 
parallel circuits, 197 
problems, 286 
stabilizers, 284—285 
transient, 285 
voltage dip, 284 
voltage spike, 287 
voltage spike and electrical noise 
protection, 287-288 
voltage surge, 284 
voltage variance, 284 
effects on AC motors, 335 
effects on heating elements, 335—336 
effects on lamps, 336-337 
volts per division control, 715 
volts per hertz (V/Hz) ratio, 56—57 
volume, 406 


W 


waffle iron application, 200—201 
watt, 346 
wattage, 411—412 
wavelength, 404 
way, 392 
valve, 392 
Western Union splice, 162 


Inac.. 


whole numbers, 29 

wire, 145 
sizes, 145, 147 
splices, 161—162 

wire nuts, 160—761 

wire marker, 339 

wire-reference numbers, 368 

wire service 
120/208 V, 3 4-wire service, 330-331 
120/240 V, 1 3-wire service, 329 
120/240 V, 36 4-wire service, 332 
277/480 V, 3 4-wire service, 333—334 

wiring diagram, 372 

wiring, general, 138 

woofer, 418 

word, 66 

work, 233—234 

wye configuration, 227 

wye-to-wye connections, 229 


X 
XOR (exclusive OR) gate, 453—454 


Ё 


zener diode, 132-133, 434—435 
application, 435 
characteristic curve, 434 
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software is required for opening many resources provided on this CD-ROM. If necessary, Adobe? Acrobat? Reader" 
can be installed from the CD-ROM. Microsoft? Windows? 2000, NT", or ХР" users that are connected to a server- 
based network may be required to log on with administrative rights to allow installation of the application. See your 
Information Systems group for further information. Additional information is available from the Adobe? web site at 
www.adobe.com. Adobe? Acrobat? Reader'" provides the user with the ability to enlarge images for greater clarity 
as well as provides other navigational functions. The Internet links require Microsoft? Internet Explorer" 3.0 or 
Netscape? 3.0 or later browser software and an Internet connection. 


Opening Files 


Insert the CD-ROM into the computer CD-ROM drive. Within a few seconds, the start screen will be displayed. 
Click on START to open the home screen. Information about the usage of the CD-ROM can be accessed by clicking 
on USING THE CD-ROM. The Chapter Quick Quizzes, Illustrated Glossary, Math Formulas, Media Clips, and 
other reference material can be accessed by clicking on the appropriate button located on the home screen. Clicking 
on the American Tech logo accesses the American Tech web site (www.go2atp.com) for information on related 
educational products. Unauthorized reproduction of the material on the CD-ROM is strictly prohibited. 
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Microsoft, Windows, Windows NT, and Internet Explorer are either registered trademarks or trademarks of Microsoft Corporation. Adobe, Acrobat, and Reader are trademarks of Adobe Systems Incorporated. 
Netscape is a registered trademark of Netscape Communications Corporation. 
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Electrical Principles and Practices, 2nd Edition, is a comprehensive resource 
that blends concise text, detailed illustrations, and practical applications to cover: 


* Concepts of electrical theory 

* Electrical formulas and calculations 

* Common safety equipment and practices 

* Test tool operation and procedures 

* Residential, commercial, and industrial circuit design and operation 


The comprehensive CD-ROM included in the book features: 


* Quick Quizzes that reinforce fundamental concepts of each chapter 


* An Illustrated Glossary of industry terms with links to selected illustrations, 
animated graphics, and video clips 


* Math Formulas that provide sample problems and interactive calculation activities 


* Media Clips that depict electrical/electronic principles in an organized list of video 
clips and animated graphics 


* Reference Material that provides links to related industry and standards 
organizations 
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